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Abstract 


High specific acChivaity Samarium-153 of high 
radionuclidic purity was produced using an (n,y) reaction. 
Smewosecutrvatlenesm- 1 5ctetransferrin@LandsesSm] 153fOEDTA Gwere 
prepared. Sm-153 colloid formation was observed for both 
Siie53 capeatenandgsom-153 trenstemuinginivitro Sndsinaevivo. 
Eavengtand@)spleenspuptake* sotnusSme153 toatrate?t j}and™ Sm=i53 
transferrin were predominant in tissue distribution studies. 
No significant difference was observed between the two 
agents@durmngq@angvitrofand mn¥vivo tests. They were also 
SHOWneetorbemingeriornit onGastvmcitratemandtGa-67etransferrin 
in tumor localization in vivo. 

Little colloidal formation was observed when Sm-153 was 
complexed with EDTA both in vitro and in vivo. Calcium ions 
were found to have little ability to displace samarium from 
its EDTA complex. Sm-153 EDTA also showed greater affinity 
to tumor culture cells than Ga-6/Sacttvale an iieea 
dual-labelled Sm-153(C-14)EDTA study, Sm-153 was found to be 
bakenasup!. by Ftumorliculturemicelils}independently from C-14 
EDTA.°A 1:10 Samarium-to-EDTA ratio was “required ‘to offer 


optimal stability’ sin vivo. Skeletalsuptake of Sm-153 EDTA, 


‘especially in joints, was observed in vivo. Sm-153 EDTA 
Showed @at G@léasthuae, twenty -twotuboldthigherstumorstroschiced 
Gbabeo-ibhaneiGas6? tomtratei batit24otand 48 hours post 


administration in vivo. This ratio could be further improved 


lv 


agin 20 


oie sTas “gat <m2 ‘mee an Ast at-nle 
a 7 ae 

Enadi ~biotios. ‘<di=me -E 

Sore sa 4 ea 

ober at bite Gagiv ae . 2 DUS SONS at -me 
‘ ye orp <\ OC eT al se 
Eat iz bha “eterti2 “Pat or neeiqs Bas le 
‘eeisude aofsvudiaraib suephs at snipers <4 ato" nt 
Sut eid Reewstad bsvx9edo Zev , sogaaza ingot ting she 
eufs stew xott .e¢eas dviwat Le! brs 9 apaty ni DAC TUe =: | 


aiuevetenskid Ta-60 Snes steuses Va 30 os ait sd oF 


ited 103 fevisede as nel tS. 


» 
D 
4 
_ 


saw hat -m2 nadie Eevaneds abe Olt sinz02/ tntiatigays 
Qick waite) .oviy He Bea bagte At dgod Rect naa 
nos? mitramse s>8! [o225, 09 etilide efesit aved 33 
veiariIs tfdenp seen edis APAS cara digo 

s ‘Al Sah bial ra-B0, neds aliss dipehis- _ = 3 
ad oz Bntot pew cao! «eawt2 onal (bt <2182)~me | 
b1-9 nor?” art allies sakes tomes vi 
pais 03: sails er ab — mente Sh 


to a small extent by lowering the dose administered. Gamma 
scintillation imaging results indicated that Sm-153 EDTA was 
Superior to Ga-67 citrate in the delineation of Dunning 
Prostatic tumors. Tissue distribution studies revealed that 
Sm-153. EDTA localized mainly in bone, liver and kidneys. 
About 80% of the injected dose was eliminated through urine 
Witniieetnes atinst) §68 hours. Elimination of Sm—153 EDTA in 
feces was found to be negligible. Dual-labelled 
Sm-153(C-14)EDTA experiments indicated that little C-14 EDTA 
activity was detected in tumor and the Sm-153 uptake in 
tumor was found to be independent of the C-14 EDTA during 
the same period of time in vivo. 

Samarium EDTA in intravenously-injected doses of up to 
10.9 uMole Sm/Kg did not produce any noticeable changes in 
the normal weight gain and the histological architecture of 
body organs such as lung, liver, kidneys and bone. The 
estimated radiation dose for Sm-153 EDTA administered 
intravenously at 10.9 nMole Sm/Kg was about 0.38 rads/mCi 
(0.10 mGy/MBq) for the whole body, 1.52 rads/mCi (0.41 
mGy/MBq) for liver, 0.35 rads/mCi (0.09 mGy/MBq) for total 
bone and 1.21 rads/mCi (0.33 mGy/MBq) for kidneys. 

Sm-153 has a suitable decay emission consisting of 28% 
Digucicewor ™lUGeEKeVv fOr sitaging, sandean optimal SGheee: 
half-life of 46.8 hours. Sm-153 EDTA is simple to prepare, 
SLOLemEaDC GS tuLDULe.) The high tumor -LO-Dloods Lato oOrrered 
by Sm-153 EDTA and the possibility of early tumor diagnosis 


at 6 hours together with the comparative estimated whole 
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body radiation dose of 0.38 rads/mCi (0.10 mGy/MBq) versus 
0.26 rads/mCi (0.07 mGy/MBq) for Ga-67 citrate makes Sm-153 


EDTA a good potential tumor imaging agent. 
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I. Introduction 


Gallium-67 citrate has been documented as a useful 
tumor-scanning agent (1-6). The distribution of carrier-free 
gallium was found to be predominantly in the liver, spleen, 
kidney and* bone of animals. The addition of stable gallium 
caused a progressive Wc tense in relative concentration 
within the skeleton and a relative decrease in soft tissue 
concentration (7). The uptake of gallium-67 in neoplasms, 
makes it an important tool for the detection of lymphomas, 
bronchogenic carcinomas, malignant melanomas, primary bone 
tumors, lung tumors and breast tumors. 

However, because gallium-67 has a low abundance of 
optimal emissions (93 KeV_ photons, 38%, 184 KeV photons, 
20%, 300 KeV photons, 24%, etc.) imaging with a gamma camera 
is difficult. Scan interpretation has also been a difficult 
task, as gallium-67 citrate offers low tumor-organ ratios 
for blood; liver, Spieen, kidneys, heart and 
gastrointestinal tract (GIT). Due to a relatively slow tumor 
uptake and blood clearance, imaging with gallium-67 citrate 
must eberdelayed 48 hours following injection; thus résulting 
in a hosse@eot Papotent ial Sintormation dteyee radiodecay. In 
acdmerom, igallium=ov citratesdoes Bnot Mconcenttate “1ieradl 
HuUMOreNtLypesuuncrerdoes mrt tconcentrate sfoethe Samemextent in 


all tumors of the same type. 
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Primary tumors are detected more reliably with 
gallium-67 citrate than metastatic tumors, and reliability 
seems to be higher in the neck and thorax region. Larson (8) 
commented that gallium-67 citrate will never be a tool for 
mass cancer screening because of nonuniform uptake, 
relatively nonspecific localization, and unsuitable physical 
Ghanactenistrosige it tis ¢alsoheknownexthate itox tie! fdoses of 
gallium affect the GIT, kidneys, and hematopoetic and 
lymphatic systems. 

Gallium-67, complexed to transferrin, has been proposed 
and observed to enhance a more rapid uptake by Melanoma 2AB 
culture cells(9). It was further reported that transferrin 
might also serve as a facilitating carrier in the uptake of 
gallium-67 at the tumor cell surface(9). While research 
towards a gallium-67 carrier vehicle continues, the search 
for a better tumor imaging agent is a definite need. 

Samarium-153 has been shown in a preliminary 
observationrtosbe tumor-avid: in ayrabbit tumorsemodel (10). 
Samarium belongs to the lanthanide group of rare earths. The 
EDO Cmsamarvunechhoride sine mice Sis weoo5eamg/ koe i:pveeend 
greater than 2,000 mg/Kg after oral administration (11). 
Samarium-153 is an artificial radioactive isotope produced 
iimmamenuclearsreactor 1uSing Lhewsm-io2\nyy) Sma 153 ereaction:. 
Since Sm-152 is of 27% abundance and has ae high thermal 
neutron capture cross-section (approximately 208 barns) for 
NeULrOnmaAGtivatad OnmthesDroduction of Sm=1SosuSingethom(n, yy) 
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Samarium-153 specific activities of 15-20 mCi/mg have 
becnmneportedeatterso hours of irradiat tone inearlU0sKW TRIGA 
reactor, although the thermal neutron flux was not reported 
(10). Samarium-153 has adequate physical properties for 
imaging (28% yield of 103 KeV photons). Production, storage 
and commencialsdrstribution® to various locations will not be 
difficult because of the 46.8-hour deexcitation half-life. 

Although preliminary dosimetry calculations on Sm-153 
citrate (10) indicate a whole body radiation dose of 0.67 
rads/mCi, compared to 0.26 rads/mCi for gallium-67 citrate, 
further evaluation of samarium-153 is still warranted since 
a Samarium scan might be performed at a much earlier time 
than the 48-72 hours delay regularly implemented for the 
gallium-67 scan. Additionally, the samarium-153 dosage might 
be smaller and the cleansing of the bowel would not be 
necesSary aS 1S required in the case of patients undertaking 
a gallium-67 scan. The potential use of samarium-153 as a 


tumor imaging agent, therefore, prompted this research. 
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II. Survey of the Literature 


A. The ‘Rare Earth' Elements 


Samarium belongs to the lanthanide group of elements 
which were originally known as the 'Rare Earth' elements 
because of their occurrence aS an oxide mixture in earth. 
The description 'rare' is misleading in that some (eg. 
cerium and neodymium) are more plentiful in the earth's 
crust than lead. 

On the conventional periodic table, lanthanum belongs 
to the transition metals of group III B. Because samarium 
and other rare earth elements (atomic numbers 58 - 71) have 
characteristics similar to lanthanum, they may be generally 
regarded as lanthanide elements. 

The rare earth elements are one rosel divided into 
two groups. The ‘light group' (or cerium group) is composed 
of lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium 
(Nd), and promethium (Pm). These elements may be _ separated 
by conventeonaa crystallization procedures. 


The 'heavy group' (or yttrium group) includes yttrium 


(Y), Samarium (Sm), europium (Eu), gadolinium (Gd), terbium 
(Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium 
(Tm), ytterbium (¥b)4 and lutetium (Lu). The heavy 
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lanthanides, samarium through lutetium, are separated by ion 
exchange. Natural mixtures of the heavy rare earths are 
found together, with yttrium oxide composing up to 80% (12). 
Before modern separation techniques were available, the main 
use of these elements was in the manufacture of mantles’ for 
gas lights. However, they are now used in the production of 
control rods for atomic reactors, in alloys with nickel and 
chromium, in microwave devices, lasers, masers, and in 
television screens. 

The element samarium was discovered in 1879 by L. de 
Boisbaudran, the discoverer of gallium. Demarcay resolved 
and purified the element in 1901 (13). The name samarium was 
taken from the mineral sSamarskite, in turn named in honour 


of a RusSian mine official, Colonel Samarski. 


B. Natural Abundance and Extraction of Samarium 


The rare earth elements aS a group constitute about 
0.008% of the earth's crust,» and samarium generally 
Comprascesmaboutm, #@oO 2a) ofetheitmarerearthimaxtures . 

= rn, Samarium ranks 62nd in abundance of the 
earth crust elements. The principle sources of samarium from 
commercialdioreselares monazitese(425%1Sm,0,) and bastnazite 
(0.5% Sm,0,) (14). The lanthanides carried by monazite are 
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Samarium is concentrated to a various degree by plants, 
asmreponred inearGeorgia study (16, 17). Concentration ain 
the ash of hickory leaves, dogwood stems, lichens, mosses, 
Horsetawlywasmfoundptotbet200e=s7009"200he2n6 reg40 hedi.Sia- 
23, 102 ppm respectively. Evidence for the occurrence of 
Samarium in other plants has not been found (16 - 18). 

Monazite ores generally are cracked by acid attack 
(H.SO, or HCl) which converts the rare earth elements to the 
corresponding soluble sulfates or chlorides. After reaction, 
the mixture is added to cold water to dissolve the anhydrous 
rare earth sulfates. 

Samarium can then be separated from the other rare 
Gal Ghnsagan Gitseytrivalenterfoum@ebyttonsexchange@or Solvent 
extraction methods. Samarium can also exist in the divalent 
form, eilbutasthéserdivalentmironrtinsSasolutnon lishunstabhe band 
Slowly decomposes in water. Chemical reduction of samarium 
salts with calcium or alkali metals usually gives the 
divalent sait. 

Pure metallic samarium 1S silver-gray in colour, 
retaining a luster in dry air, but only moderately stable in 
moveuscavr, TwithseioumationlvoGtieanGe adherent -onvdehibinelly 
divided samarium, as well as chips resulting from working 
the bneras are pyrophoric and ignite spontaneously in air, 
bunningeat 19502 S=ed808c! (14) 4pSama nrumeioxideurs .paleeryebiow 
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C. Industrial use of Samarium 


Relatively few important uses have been reported ror 
Samarium. However, due to recently expanded research in rare 
earth chemistry, development of this element's use may _ be 
promising. 

Samarium has some application in the ceramic industry. 
Samarium oxide has been used in optical glass filters, 
Sunglasses, etc., to increase the infrared absorption. 
Samarium is also used as a catalyst for certain organic 
reactions. Sanaedon oxide has Catahbytictsachivitty tafar isthe 
oxidation of acyclic primary alcohols to aldehydes. Various 
Samarium compounds have shown promise as phosphor activators 
and also as thermionic emitters. Samarium titanate has been 
used to stabilize the performance of capacitors, and the 
sulfide salt has been studied for use in thermoelectric 
generating devices (13, 14). 

The Samarium isotope mixture has® ahavernyerhigh 
thermal-neutron absorption cross-section (5800 barns at 
0.025 eV). This is especially due to samarium-149 which has 
a very high cross-section of 40,000 barns. No chain reaction 
exists if Samarium is used during the separation of low 
cross-section isotopes from spent uranium fuel. Therefore, 
there has been some interest in uSing Samarium in the atomic 
industry. Nuclear applications such as in the manufacture of 


contre ll rods, burnable poisons, and iG shielding 
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applications have been implemented (13, 14). 


D. Physical Properties of Samarium 


Samarium resembles steel in appearance. At room 
temperature, it crystallizes in the rhombohedral form (a-Sm) 
With andensity of0753600/Gol "AtS917°CR At@is@transtormedsto 
the centered cubic form (f-Sm) with a density of 7.40 g/cc. 
The heat of transition is 0.744 kcal/mole. Samarium melts at 
10722GamandWebomisaat 18044C. Theiheatecitvapormzationtisi46 


kcal/mole (13, 14). 


E. Chemistry of Samarium 


Samarium belongs to lanthanides which are pnaraceertaed 
by the successive filling-in of the well-shielded 4f 
electron shell while maintaining (ideally) the same 5d'6s? 
Gutenmetectuonicteconbhigunation in each element. The fourteen 
Patehan.decmmso, vowing = lanthanume sins whichethe fourteen 4: 
electrons are being successfully added to the tlanthanum 
configuration, are generally electropositive elements and 


give M°*+ ions (14). 
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' Samarium has an atomic number of 62 and an atomic 
wenghtumotes (50,35 sieBecause,jof itsupositionsinathesasertes, 
Samarium would ideally have the electronic configuration 
at* 5000S eemloweverpy thegamone probablesyconfiguration is 
462556 (Lor Weheineut padeatom anda4ft'5s?5p% forarheuSmi¢ yaion. 
A consequence of this. configuration is that samarium 
exhibits valences of 2* and 3*. As expected from its 
configuration, the trivalent state is more stable. 

ihe goniegradiusgforaSme? ais 14 14ApandsSmaz 25 6079648. 
The first ionization potential is 5.6 eV and the second is 
jee Be eVe (44) 4 

Samarium metal 1S an active reducing agent. It will 
reduce carbon monoxide, carbon tetrachloride, as well as the 
oxides of many metals including iron, manganese, chromium, 
Silicon, tin, lead, and zirconium. The electrode potential, 
Eee OteSallarimyiSet2.2)voltsetorsSm* *>t+3e. 

While samarium metal is an active reducing agent, it is 
moderately stable in dry air. In moist air an oxide coating 


develops. 


F. Common Samarium Compounds 


Many-\. derivatives. of) samarium ~such»-as; thesnitrides; 
sulfides, carbides, silicides, phosphides, and hydrides may 


be formed directly by reacting the metal and corresponding 
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nonmetal at high temperature. Principal compounds of 
Samarium are the trivalent oxide, hydrous oxide, oxalate, 
nitrate; chloride; sulfate and carbonate (14). 

The compounds of samarium are usually yellowish in 
colour and include samarium oxide (Sm,0;), Samarium chloride 
(SmCl,; . 6H.O) and samarium bromide (SmBr,; . 6H,O). Samarium 
Salts generally exhibit an oxidation state of 3*. Samarium 
(II) aqueous solutions are not stable because water is 
reauced by Sm]. in! addition, ally compounds of Sm’ are 
thermodynamically unstable with respect to oxidation by 
water or oxygen and are stable indefinitely only in an inert 
atmosphere (14). 

A number of compounds of Sm*? are known including the 
halides, sulfate, chromate, phosphate, hydroxide, carbonate 
and oxide, and the structures of some of these are known. 


SmOenasmune srockesal testcuctunes i4). 


1. Oxides 


Samarium oxide, Sm.,0, is probably the most common and 
important compound of the element. It is stable except for a 
slight tendency to absorb moisture and carbon dioxide from 
the air. It is insoluble in water but dissolves readily in 
miner alltacids twith Sliberatromvot a Sconsiderable Ofamcount Ook 
Heat amare: tune 0 PXRIE@ i SMeprepared by calcination Pavanirous 


other salts, some of which are the carbonate, hydrous oxide, 
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Skavate, anituatenwandasulfate,/orabylair boxadation “of the 
metal. The oxide is a convenient compound for preparation of 
other salts and metallic samarium. 
(Ore leactionewi rhe HC) (205) 21), 
Samarium oxide dissolves easily in hydrochloric 


acid, yielding hexahydrated samarium trichloride. 


SiO, eee CGA OHS OrSes —-SerSmelen GHe© 


(angee@ react one withoisSOns (20e 219 


Samarium oxide dissolves readily in sulfuric acid, 


and yields octahydrated samarium sulfate. 


Smt Ont GHoSO, + 5H-0. ---—> Sms SO,)5.SH.O 


CB GOLE res cin ont wa.the CH -COOHM (045120), 


SmeO, +96CH,COOHE 48H, .O8 ee -—ene (CHEC@O0)E Sm. 4H,0 


2. Oxalate 


catiar sum eeoxalate, Sm. (ClO, )% .. |UHSO, is precipitated 
from aqueous salt solutions by the addition of oxalic acid 
Or ammonium oxalate. The oxalate is virtually insoluble in 


Waco McTicMmcl rant Lye soluble (ine sC10 alm water, the 


i ae ont sa ‘cai ‘i ae) 


20 fies iae18ge24 sai bi ogy CRO: a 7 
; Ts 


| of gral me dtaw ee 
Sirvoicisanged ii yiizss: envtoaelb | @bixo as si 
-abiqoidaiss auiteona bes ataydexsd poibleiq .bice 


o@ 


oa, fee S <i OFHE FUDHS + .O,m2 * 
7 

(tS (oe). 08, Heddte, actavees whth) i 
— 


i] 
bios zhu lie itt yiibess savic2 2ib $6ixO mi toned aac 


_stetive méisedaa betstbydedoo 4blery one 


O,HB. 8. Gel una <-+-- Deke: *-, OSS, t YOu one ” 

; . a re 

, (12 98). HOOO, HD dome Gol tones br) 

Ove ie Oda IaoNS <onas Our + 4009 53a + (Oye | ais ‘a 
. . . 


: ey a _ 7 ; adil a 


7 
if 


Ty, ae 
oe o 


12 


SO Ubmereyersmlessethan 0.01°g/1 at 25°C (195020): 


3. Carbonate 


Samanlum carbonates Smz(CO, ) 4 ts NSH, Cneis @prepared” by 
precipitation of aqueous solutions of samarium chloride with 
solutions of alkali bicarbonates saturated with carbon 
dioxide Or by hydrolysis of a solution of the 
trichloracetate. The carbonates are insoluble in water, but 


are readily soluble in acids (19, 20). 


4. Hydrous oxide (hydroxide) 


Samarium hydrous oxide (hydroxide), Sm(OH),, is formed 
by the addition of an alkali or ammonium hydroxide to an 
aqueous solution of a samarium salt. The solubility of the 
hydroxide in water is very low at = room temperature. 
Accordingly, only very low concentrations of OH™ ions are 
produced in solution even though Samarium metal is 


moderately basic (19, 20). 
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5. Chloride 


Samarium chloride, Sm@is, AGH ZO! is prepared by 
dissolving thee oxide, chydrous” ‘oxide, ‘or icarbonates in 
hydnechtourco@eacrdaitandmeécrystallizing tthe chloride by 
evaporation. Samarium chloride has a high solubility in 
water, being greater than 1 Kg/l at room temperature. The 
divalent chloride SmCl, is not very stable under normal 
CONdLELTOnS © 620 az 2 je 

Divalent samarium chloride is formed upon reduction of 
the trivalent salt with hydrogen at about 270°C. The 
divalent chloride reoxidizes easily in the presence of air. 
Samarium chloride reacts with sodium hydroxide to form 


Samarium oxide 4#¢20, 22) . 
eeSmol ats ONaAOn mre XH. O) --——> 6S On xt, Onto) Nace 


6. Fluoride 


Samarium fluoride, SmF, . H,O is formed as a gelatinous 
precipita seaebymathes additronilichd hydroflucnretiacid  totan 
aqueous solution of a samarium salt. It can also be prepared 
by treating the oxalate, hydrous oxide, or carbonate with 


HF. The fluoride is insoluble in water or acid (19, 20). 
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7. Bromide and Iodide 


Samarium bromide and iodide have been studied much less 
than the chloride and fluoride. The iodide is especially 


Unstable si mamorsteatn, sand 2S idifficuilt ttoeprepare ao 0) 


8. Nitrate 


Samarium nitrate, Sm(NO;); . 6H,0 is prepared with 
nitric acid in the same general manner as the chloride is 
witheMhydrochloric acrdte Ptbesise® veryusolubleoindwater iand 
moderately soluble in some alcohols, ketones, and ethers. 
Samarium nitrate can be thermally decomposed to the oxide 


(192820) e 


9. Sulfate 


Samarium sulfate, Sm,(SO,), . 8H.0O, can be prepared by 
dissolving themeoxideys ihydrouse.doxidée,0 oréecanbonateatin 
Ssulfturire acid and isktenystallized@aby wea ooreiens Water 
Solobimityeyota@ithesthydrated® suliates isemquiteciowmibeing 
OmeiG/IGH,O Bau @20eC). Gontrauy @tomenormal tbhehaviougaguhe 
solubility decreases with increasing temperatures, being 


0.20g/1 H.O at 40°C. Anhydrous samarium sulfate is formed by 
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heating the hydrous form to about 400°C. Divalent samarium 
Sulfate can be precipitated from the trivalent sulfate 
solution by reduction with magnesium amalgam. The divalent 
Sulflatemars Uteas hl yagoxirdiizedegby wiaireoriidpiutetintiniceacida 


O230n 


10. Sulfides 


Samarium sulfides, SmS, and Sm,S,, are formed under a 
variety of conditions at elevated temperatures by reacting 
solid samarium salts such as the oxide, carbonate, sulfate, 
or chloride with agents such as sulfur, carbon disulfide, 
hydrogen sulfide and ammonium sulfide. The sulfides are 
insoluble and fairly stable in water. In acid, decomposition 


takes place with the evolution of hydrogen sulfide (19, 20). 


tie Cnatrates 


Samarium citrate was prepared by the addition of 
sana rime tchlonrdemtsolutionm tobe. if "1 {04Mesodium citrate. 
Usuad byatarsanancum citrate ssabt econtamsens t\imolecules tot 
water of crystallization which separate from the compound at 
aboutie20 Gn- 625 0S¢R¢2 4). Samarium tcntiratetis otiarrly omsoluble 


imewater stat neutral’pH (25). 
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12. Samarium Complexes 


Samarium has been complexed with a number of complexing 
or chelating agents for in vivo investigations. They include 
Sm-HEDTA (39, 40), Sm-DTPA (39, 44, 45), Sm-Bleomycin (46) 
and Sm-Trypsin (38). 

Complexing of Samarium can be easily achieved by 
incubating the chelating or complexing agent with the 
Samarium chloride or citrate salt at an optimal pH and 
temperature in aqueous media. Preparation of some of these 


complexes are discussed in subsequent sections. 


G. General Analysis 


Analysis of Samarium 2S carried: out imainly ‘by 
spectrographic and spectrophotometric methods. The bivalency 
of samarium cannot be taken advantage of by polarographic 
methods because of certain trivalent cation interference at 
the réductionepotentaalwof)/ Sm Setossm?e *w(EY =heile 8OeNpedtl We 

Spectrographic analysis is well established for the 
determination of impurities in samarium, and for _ the 
estimation of samarium in the presence of other compounds. 
Useful arc spectrum lines for samarium are found at 3568.36 
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States show light absorption at various wavelengths. 
Divalent samarium is characterized by intense absorption 
bands in the ultraviolet. Because of its instability, the 
divalent state is not particularly useful for analysis. The 
Erivallent@ion exhibits absorption at 3625 %A),833475 A, and 
4020 A in addition to other less intense bands (19).-Light 
absorption enables analysis to be carried out rapidly by 
Spectrophotometric methods. The absorption bands of samarium 
and most trivalent lanthanons are very sharp in contrast to 
the broad absorption bands of the transition-metal ions. 
Suchwanalysvsemcan —be wtidizedm@e with. fainlys high “purity 
materials (99.9%) and can also be used effectively in crude 
mixtures. Instrumental analysis such as atomic absorption 
and neutron activation also offer sensitive analytical 
methods of great ease. Wet chemical analysis relying on 
solubility differences, complexm@ jiormataions igetc. fhehave 


essentially been replaced (19). 


H. Natural Isotopes 


The naturally occurring isotopes with their respective 


abundancesmanaslisted in the following table (76, 77): 
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Natural Isotope Relative Natural Abundances 
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I. Artificially Produced Radioisotopes of Samarium 


A number of Samarium isotopes can be produced 
areitacially.sulnert shaliolifleremawor radiations) and the 
principal means of production are listed in Table 1. It is 
generally agreed that the thermal neutron cross-section for 
the natural mixture of samarium is 5800 barns (76). This 
explains the importance of samarium for such applications as 


thesemanufacture of nuclear reactor control rods. 


J. Samarium-153 


Among the artificially produced samarium radioisotopes, 


Sm-153 and Sm-156 would seem to be the choices for gamma 
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Table 1 
Artificially Produced Radioisotopes of Samarium” 
Isotope Half-Life Major Radiations (MeV) Production Means 
Sm=-143m 64 s, THO. 746 Sm-144(n,2n) 


Sm-144(7, n) 
Sm-144(p,pn) 


Sm-145 340 d, vO, O61 Mia Sm-144(n, y 9 
en O01 6G O.054 
Sm-146 7x1! We Ome 46 Sm-147(n, 2n) 
Sm-151 Bey. A ©0976 max. sm-150(n,Y ) 
en FOTOLs, Uc0cU 
Y Eu L X-rays 
OV O22 
Sm-153 46.8 hr. BueO” So max, S= 152k) 
eelo.022 —1 0. 101 Nd-150( a ,m) 
¥y (Eu k-rays 
G.070 (5.4%) 
0.103 (28%) 
0.41 to 0.64(0. 6%) 
Sm-i55 AS 5S) Siglo fe WS SY Tse Siiseo ay ae) 
Cue OS)  OLsoe in, 
Gales 
Y Eu A-rays 
G04" (73%) 
0.246 (4%) 
Sm-15ce Soe) Isso n le) ig FE WWeese Fission 
en O,014 — 0.069 
Y Eu XK-rays 
O,U56& (30%) 
O.166 (10%) 
0.264 (20%) 
Sm-157 Ons: unk ay G57 Gd-160(n,a ) 
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imaging with our present instrumentation. When consideration 
iS given to the physical half-life, ease of production, 
storage and transportation, radiation energy, gamma 
abundances, radionuclidic purity and other 
radiopharmaceutical considerations, Sm-153 would appear to 
be the best. 

Samarium-153 can be produced in a nuclear reactor using 
ENE SESheto2( 0, wa Snad sen GeacttOne, -=SinceusSl~ 15 2emistmon 275 
abundance and has a high thermal neutron capture 
cross-section (approximately 208 barns), the production of 
Sm-153 presents no great difficulty when enriched Sm-152 is 
bombarded with slow neutrons. 

Samarium-153 has a 46.8 hour half-life and decays to 
Eu-153. Its decay scheme has been reported in Figure 1 (76). 


The principal emissions are as follows (76): 


B- 0.80 Mev (max) 
One 0 20225902055 2050627005095. 000 |0igMev 
y Eu X-rays 0.070 Mev (5.4%) 

0.103 Mev (28%) 


0:41.to.0.64.MeV (0.6%, 16 y rays) 


The fact that samarium-153 exhibits such an unusually 
high neutron cross section (208 barns), a reasonably short 
half-life (46.8 hours) and moderately energetic gamma rays 
(103 KeV - 28%), makes this isotope a potential addition to 


the armamentarium of radionuclides used for nuclear medicine 
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imaging. 


K. Physiological Distribution of Samarium and its 


Derivatives 


Analysis of the accumulation of natural lanthanides in 
human organs such as_ spleen, kidney, liver, pancreas, 
hypothalamus, thyroid gland, and heart, by spark source mass 
spectrometry, revealed that the liver did not seem to 
accumulate Samarium and europium to any extent greater than 
the other organs (26). The presence of samarium and other 
lanthanides in a given organ was not correlated with age or 
sex. The contents of Sm and Eu in spleen ash were high in 
the case of alcoholics as compared to nonalcoholics (26). 

When rat strains, differing genetically in their 
tendency for alcohol consumption, were given 2 combinations 
of rare earths mixed with their food, there was no 
difference in the accumulation of lanthanides which could be 
associated with differences in drinking habits (26). 

A different distribution study was conducted by 
erect et al. Upon autopsy, specimens from 22 human 
individuals revealed that there was great individual 
variation in the amount of lanthanides present in the 
spleen. Samarium was found to be the main lanthanide and the 


highest content in spleen ash was found to be 194.0 ppm. No 
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Figure 
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Decay Scheme of Sm-153 


( Simplified ) 
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marked differences were noted between males and females 
€27):. 

Trace amounts of Samarium have also been found in RNA 
from beef heart tissue uSing a neutron activation technique 
(28). However, the report did not give further information 
on the form of incorporation of Sm in RNA (28). 

Matsusaka et al reported that only small amounts of the 
Stable Samarium chloride can be absorbed through the 
gastrointestinal tract. The percentage of oral absorption 
and retention of Samarium might be greater in neonates than 
in older mice (29). Subcutaneous injection of samarium 
chloride revealed a slow excretion, mostly by the 
gastrointestinal route (29). Intravenous injection of 
Samarium chloride into rats showed an accumulation of 
approximately 50% of the injected dose in the liver and a 
25% skeletal deposition. Excretion was via the bile, with a 


P5edavyehalrtslifesinhthe liver#(@iay 29) % 


L. Current Use of Samarium in Medicine 


Samarium has been employed as part of the therapeutic 
agent in Phlogosole solutions for the treatment Or 
inflammations tofeethemeoralemucosa €(307134)eandhradiation 
indlgedaskinelesaons (S2)atitehas alsotbeen used as azytoot 


in studies on the responsiveness of the isolated guinea pig 
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ventralgitaenta colii(33e5936),as samariumeand othertsimilar 
rareryearths) shaver oftens been referredé to’ has specific 
antagonists to the fraction of calcium which is bound to 
cell membrane. This property accounts £or tension 
development in the isolated muscle preparation used to study 
Cagwemobalizationg(s3fer3s6ie Maximal petenstoninwaseéstrongly 
meducedy  byhethearsSm patconcentrationppofessiax baA0sSSM an a 
polarized preparation whereas a potentiation of the maximum 
reponse was observed on the depolarized tissue (33, 35). 

Samarium and other lanthanide ions have been reported 
to exhibit an inhibitory effect on the twitching response of 
skeletal muscle sarcolemma. The exceptions were Tm**, Er*> 
and HOlGwewhich, swere. requineds in’ (significantly higher 
concentrations to-effect a 50% reduction in the contractile 
response. This indicates that the sarcolemma has an acute 
ability to detect the ionic radii of multivalent cations, 
but samarium somehow interferes with the muscle response 
mediated by the Ca*? ion (37). 

Berne experiments using membrane vesicles of skeletal 
muscle sarcoplasmic reticulum showed that samarium is 
responsible for the inhibition of sarcoplasmic reticulum 
Mg-ATPase activity (37). 

Samarium and other trivalent lanthanide ions, and some 
divalent ions (Mn*? and Cd*?), have been found to bind to 
the porcine trypsin molecule where the single binding site 
BSpustallyetoniCae?.ATheraihinityhetl Srhébsions tbo grnypsmn 
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theechigher®theibinding constants Theeaffinity of metal ions 
to trypsin, however, does not depend on their chemical 
Stmiharityato Gatze(38): 

Samarium and other rare earths have also been known to 
have anticoagulant property by suppressing thromboplastin 
formation and interferring with prothrombin (96, 97). 
However, they are not in wide application because of a 
possible hemoglobinuria and the availability of highly 


purified heparin (98). 


M. Radioactive Samarium as an X-ray Source 


Kastuer et al has reported that Sm-145 might be used as 
an x-ray source for scanning small bones using its y rays of 


OM06 1BMeVe 138%)8eSm=0d45rhaspaehaltialife-o£4340edaysi(39)). 


N. Samarium-153 as a Skeletal Imaging Agent 


O'Mara et al reported four different lanthanides as 
chelates of hydroxyethylenediaminetetraacetic acid (HEDTA) 
for potential skeletal imaging using the rectilinear 
Scanning technique. He proposed that Sm-153 had the greatest 


advantage» because of its, 47-hour, )half-life and its»high 
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detection efficiency by the gamma camera (40). 

Gilyazutdinov et al followed up with another study in 
which these authors reported that Sm-153 HEDTA was also 
Suitable for radioisotope diagnosis of bone tumors. However, 
they also added that liver accumulation made Sm-153 HEDTA 
undesirable for tumor diagnosis in the organs adjacent to 


the spine (41). 


O. Samarium-153 as a Tumor Imaging Agent 


In a study of the affinity of lanthanide elements 
towards malignant tumor tissues, Samarium was observed to be 
Significantly accumulated in Yoshida sarcoma-bearing rats 
after the chloride salt was injected intravenously (42, 43). 

Higasi et al also reported that Sm-153 accumulated at 
remarkably higher concentration than gallium-67 citrate at 
48 hours post administration in mice bearing Ehrlich tumors. 
The samarium used was in the chloride form in dilute 
hydrochloric acid (44). The accumulation of this rare earth 
element in liver, kidney and bone was lower than that of 
gallium-67 which is currently used aS a tumor imaging agent. 

Higasi postulated that samarium and other rare earth 
elements whose ionic radius is similar to that of Ca (0.99) 
or Mg (0.62) which are abundant in the tumor cell membrane, 


might pass through the tumor cell membrane much more easily 
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than would the other elements (44). 

In a comparative brain scintigraphic examination with 
indium-113-EDTA and samarium-153-DTPA (diethylenetriamine- 
pentaacetic acid), Tarjan et al reported that superficial 
small tumors were more accurately detected with a 
Si=153-DTPASS complex®thanawith In-113-EDTAMsm= 1S3uwast found 
to be more suitable for gamma camera imaging due to its soft 
gamma radiation. Physical and biological properties of the 
SMm—lS3eDTPAcomplexvwere + reported tov be? good “for ‘brain 
scanning. However, Sm-153 might increase the radiation 
burden of the patients (45). 

Sullivan and Friedman, in their tumor localization 
Sstudies*with radioactive lanthanide®and™actinides complexes} 
Stated that when samarium(III) was compared to gallium, it 
exhibited enhanced localization in tumors with a concomitant 
lower body background (46). The studies involved the 
intravenous administration of the chemicals to white mice 
bearing sarcoma-180 tumors. They also suggested that Sm(III) 
might be a better imaging agent for tumor diagnosis’ than 
gallium-67 (46). Samarium-153 was used with citrate and 
bleomycin as carriers. 

During their tumor metabolism studies, Friedman et al 
(47)*° found that samarium-153 was in trivalent states and 
probably bonded to serum proteins in tumor tissue. 
Autoradiography also showed that the samarium-153 was 
concentrated in the viable outer layers of the tumor. The 


animal tumor model used was an ICR strain female mouse 
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bearing sarcoma-180 tumors. The authors postulated that the 
Purstagestep ® Offtsamaniuum- 1 580i I Idasiciitratel metabolusmecin sthe 
animal model is the formation of a complex of Sm(H,0),*? 
1onically bonded to serum proteins. This entity is then 
transferred into the outer layer of tumor tissue. The higher 
concentration of the samarium-153 in the tumor could result 
from a more rapid metabolism of the protein complex by the 
tunoCn ama ~addition,;y the samarium-153 species may not be 
excreted from the tumor tissue as rapidly as from other 
tissues (47). 

Additional support to Friedman's interpretation was 
providedme, by | the: swork) of = Thakur jet jal * (48) which 
demonstrated that the In-111 (III) bleomycin complex in the 
blood stream was rapidly converted into a complex between 
Pra ondeay Seuume proteinye. transtermin. "Sullivan get tal 
(46), showed that in the case of samarium-153 citrate, the 
tumor/tissue ratios were greater at ae hours. than at . 24 
hours, thus indicating preferential excretion of 
Samarium-153 Erom the non-tumor tissue. 

In a recent study with samarium-153 citrate, Woolfenden 
clumicige ((b0) Aeetoundieethati. Samaniumal53> shasieyvas Reha gher 
tumor-to-blood and tumor-to-muscle ratio (1342 and 72421 
Benen trey.) Ghameaga ieuma6y Micituates® (2703, Gand = 36212 
respectively) at 24 hours in the V* carcinoma in the New 
Zealand White (NZW) rabbit tumor model. They also found that 
Samarium-153 had a higher accumulation in experimental 


abscesses. Abscess to blood ratio was 8+5 for Sm-153 citrate 
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andgs#a for’ iGa-67 citrate at 24 hours. Abscesses were 
produced in tumor-free NZW rabbits using intramuscularly 
implanted fecal pellets. 

Considerable uptake also occurred in liver and bone. 
The plasma clearance half time was approximately 3 hours. 
This preliminary study indicated that samarium-153 citrate 
might be a better tumor and abscess imaging agent than 
gavlium-67-eitrates( 10) . 

All these reports indicated that samarium-153 has a 
great potential for use as a radiopharmaceutical for tumor 


imaging. 


PUFTOxXiGity 


In general, rare earth elements are considered to be 
less hazardous than other heavy metals from a_ toxicologic 
point of view (49). External exposure to these elements in 
the industrial, medical or environmental sphere is usually 
Smaller ine there lanthanidewioroupy)  onlyee®samaraumehas been 
nepertedatoeberatconstiutuent@ot Purban’ air’. insetheatUnited 
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1. Oral 


The oral@stoxie ty@erseslow® duew tov poor eqastrointest mal 
absorption. The LD,;, of samarium administered orally is 
greater than 2000 mg/kg in mice with samarium chloride and 


abouts2900tmag/7Kg in ratsSwith samartumenitrate (mie 


2. Parenteral 


Based on scattered acute parenteral toxicity studies, 
Bapesearth@etements Cansbe consideredamoniy eslightly toxic 
(11, 49). The signs of acute toxicity determined in rodents 
consisted of writhing, ataxia, labored respiration, and 
sedation. The maximum incidence of death occurred at 48 to 
96 hours. There was a tendency for the females to be more 
sensitive than the males. LD,, for Samarium nitrate i.v. in 
female rats is 8.9 mg/Kg compared to 59.1 mg/Kg for male 
rats (11). Intravenous injection of various salts of the 
rare earths (lanthanum through samarium) caused splenic and 
hepatic degeneration in various rodents (49). Examination in 
mreceand rabbits revealed pha tmenose rare earths accumulated 
Matniyeeihatheshepatic™Kupiierme’s celiis andaspleen pullpecelic 
(Si) BEDE, tntmicesi .peeise585emgq/Kgefors* samaniumpechioride 


and 315 mg/Kg for samarium nitrate (11). 
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3. Inhalation 


Inhalation exposures in man, while infrequent, have 


GCausedamsensitivityae@to Bheal}initchingem@eandapanteancceased 
awareness of odor and taste Cita) Intratracheal 
administration or inhalation exposure of experimental 


animals to fluorides or oxides, or .a combination thereof, 
resulted in progressive lung retention, transient 
pneumonitis, Subacute bronehiobutisy and regional 
bronchiolar stricturing. The formation of granulomas, while 
rare, has been reported (49). Samarium oxide fumes and dust 
inhaled might cause headache and nausea (52). 

In an observation of samarium deposition in human 
lungs, Sticher et al, found that samarium ore existed in a 
hexagonal rod-like crystal in lung tissue. These findings 
were based on electron diffraction techniques. The same 
authors postulated that a conversion of the oxides into the 
phosphate form in the lung had taken place (53). 

Gensicke et al examined the metabolism of ‘'*°*SmCl, 
after inhalation in mice. They reported that reabsorption of 
Samarium from the lung was Slow and incorporation of the 
tracer in the _ skeleton was observed. They summarized that 
the retention of radio-samarium from inhalation resembled 


the same retention pattern after subcutaneous application 


(54). 
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4, Skin 


Skin damage by the Samarium is apparently not an 
important factor unless the skin is abraded. Applications to 
abraded skin caused epilation and Scar formation. 
Intradermal injections produced granulomas in guinea pig and 
man (11). Samarium can irritate the conjunctiva, but not the 
cornea. However, in rabbits, when the cornea is denuded, 


Samarium caused permanent corneal opacity (49). 
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III. Experimental Methods 


A. Tissue Culture Methods 


Melanoma 2 AB and EMT-6 Culture Cells 


The human Melanoma 2 AB and the Murine EMT-6 culture 
cell lines were supplied by W. W. Cross Cancer Institute. 
All nutritionals used were obtained from Gibco, Grand 
Island, New York. 

A human malignant tissue culture cell line (Melanoma 2 
AB) was started in 1974 from a primary melanoma at the W. W. 
Cross Cancer Institute and had been found to be 
gallium-avid(55, 56). The melanoma cells were maintained as 
a monolayer in RPMI-i1640 growth medium which also contained 
i5%evheabeanactavateduietalicalfisertm (EGSi¥gfand.0.29 mg/ml 
glutamine. 

The EMT-6 tumor cells (57, 58) were maintained in a 
Similar manner to the Melanoma 2 AB culture cells with the 
exception that Waymouth growth medium was used. The EMT-6 
cell line was originated from a mouse mammary sarcoma and 
waS maintained in vitro as a monolayer in Waymouth's medium 


Supplemented with 10% FCS and 0.29 mg/ml glutamine. 
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B. Animal Tumor Models 


All animals under investigation were allowed food 
(Wayne Laboratory Animal Diets, Lab-Brox) and water ad 
libitum. Ethics of animal experimentation as outlined by the 


Medical Research Council Guidelines were followed. 


1. Lewis Lung Tumor Model in BDF, Mice 


The Lewis Lung Tumor Mouse Model for cancer research 
has been well documented (59 - 63). Mice bearing Lewis Lung 
Tumors were supplied through the courtesy of the McEachern 
Cancer Research Laboratory, University of Alberta. A tumor 
fragment wasS implanted subcutaneously at the left side of 
the body close to the thigh of each BDF, mouse (male, 20g). 
Tumor growth was observed to attain a size of approximately 
(Se Seecimait idiamneteru Within« a. perrod= of 10 “days. SAL! 


experiments were conducted immediately thereafter. 
2. Dunning 3327 Prostatic Tumor Model in Copenhagen/Fisher 


Rats 


Tumor-bearing Copenhagen/Fisher rats were obtained 


through the courtesy of Dr. J.D. Chapman of the W. W. Cross 
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Cancer LRSQetuLe. ws, elh is transplantable prostatic 
adenocarcinoma was first reported by Dunning (64) and later 
recognized as a useful model for immunological host-tumor 
interaction studies (65, 66). The tumor was transplanted to 
either right or both sides of the body with cryopreserved 


cell suspensions. 


C. Preparation of Radiochemicals 


All chemicals were of ACS standard. Double distilled 
WabeLmeWao @ USeCH=tEnroughout "this investigation. “lsotonic 
sodium chloride injection, U.S.P. (Cutter Laboratory) was 


used for dilution when required. 


1. Production of Samarium-153 


Samarium-153 was produced in the University of Alberta 
SHOWPOKE reactor, using the Sm—-152(n;y)Sm—-153 "reaction. 
Samarium-152 oxide (Sm,0;), 98.2% enriched, was 
purenased from the Oak Ridge National Laboratory, U.S.A. 
Activity produced per target at a detined thermal 
neutron flux was estimated by the following equation: 
ACtIVity = —N 


where 
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36 
N = number of target atoms 


o = reaction cross-section (208 barns) 
Pee uLoChmilux Tn. Cie. Secs) 
A = decay constant of samarium-153 =.0.693/T+ 


tee erouradiatvon tame 


With the enriched samarium-152 (98.2%) oxide target 
(Si On) jepabDouUtun 2. 16 amCi/ 2mgeof (therSm— (53 waseproduceds1n 
the SLOWPOKE reactor (SLOWPOKE Reactor Haciletere So 
University of Alberta) with a thermal neutron flux of 10'? 
n/om?/sec, after 4 hours of irradiation at the inner target 
Site. No significant heat was produced (4.6 x 10°% cal/mg) 
over the entire irradiation period. 

EGr erode tcybical OLOduc LOM two midii1Grams of kenriahed 
Samarium-152 oxide were carefully weighed and sealed inside 
a small plastic capsule enclosed in another sealed outside 
capsule. The target sample was transported to the 
irradiation site through,the pneumatic transter system. 

Up to 4.8 mCi/2mg samarium-153 had also been produced 
at the SLOWPOKB Facility using a thermal neutron flux of 2.5 
yeOuUuen/cm2/Sec and a 48 hours irradiation period. 

“Tgleuafel specific activity samarium-153 was produced by the 
nucleatureactor at Chalk River (Atomic) Eneroy or | Canada 
Ltd.). Samarium-153 with an activity of 6.8 Ci/2 mg was 
produced using a thermal neutron flux of 2 x 10'* n/cem?/sec 


fou 165 hours (of irradiation. Two milligrams of enriched 
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Samarium-152 oxide were sealed inside a quartz capillary 
tube which in turn was sealed inside a small aluminium 


capsule as the final irradiation target. 


2. Screening of Potential Samarium Compounds 


A large number of potentially useful samarium salts or 
complexes were screened in order to find a suitable samarium 
salt Or €omplexm fori h\tumoreslocalizationssaeThesominimum 
Criterion was that the radiochemical should be stable and 
wouldl@notleformana signifacantymamountgsrof colloidsat room 
temperature during one hour incubation in the presence of 
RPMI growth medium which contained phosphate buffer. 
Ultracentrifugation at 144,000G for one hour was employed to 
determine the formation of colloid. 

SUuCTMROMECrTLODVONe sWaSmeimportantasass soMma1ooe Colloid 
formation had been shown to indicate erroneous high uptake 
PoeeeUlaine mceil ee erinee Furthermore, the colloids 
localize in the reticuloendothelial system in vivo. This 
colloidal effect significantly decreases the availability of 
Sm-153 for tumor localization. Therefore, potential agents 
SO gathered were also injected into normal rats for final in 
vivo visualization. A good potential agent should have very 


little uptake by the liver even at 48 hours. 
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3. Preparation of Samarium-153 Citrate 


The irradiated samarium Oxide target containing 
samarium-153 was dissolved in 1.0 N HCl to yield a final 
concentration of 1 mg/ml solution. The samarium chloride 
solution was then millipore filtered, and mixed with a 
Sterilized solution of sodium citrate (25 mg/ml) to give a 
Pinaipsme i S3icwtrate solution of 1:17 (Sm =: citrate) “molar 
ratio. The final pH of the citrate solution was adjusted to 
6.5 with 1.0 N NaOH, and millipore filtered again. The vial 
was labelled, and the Samarium citrate was ready for 


investigation. 


4, Preparation of Samarium-153 Transferrin 


A samarium-153 chloride solution wasS mixed with a 
three-fold molar excess of nitrilotriacetate (NTA) in 0.1 N 
HCl, and incubated for 30 minutes at room temperature. The 
pH was then adjusted slowly with sodium hydroxide to pH 2.5. 
A 0.1 M solution of sodium bicarbonate was then added to 
raise the pH to 5.0. The reaction mixture was diluted with a 
€quialemolarsoL apotransterrin (Sigma, greater than 90,8 iron 
Free) Sdussolivedsin aquecuse0 SiIMEKCH and t0705eM HEPES buf fer 
(N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid), pH 


7.4. The pH of the incubate was then adjusted to 7.4 with 
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0.1 M sodium bicarbonate and allowed to stand at 2°C for 12 
hours. Free and non-specifically bound samarium was removed 
from the solution by passing the mixture through a 1.5 cm 
diameter Sephadex G-50 column equilibrated with 0.1 M_ KCl 
and 50505 M HEPES. The transferrin fraction;eluted first and 
was confirmed by UV absorption at 280 nm. The percentage of 
Smo associated with the transferrin @fraction was 
determined. The final samarium-153 transferrin solution was 


millipore filtered. 


5. Preparation of Samarium-153 EDTA 


Samarium-153 chloride solution of 1 mg/ml was added 
Slowly to disodium EDTA solution to forma final 1:10 molar 
ratio solution. The solution was allowed to incubate at room 
temperature for 30 minutes and the pH was adjusted slowly to 
6.5 with sodium hydroxide (1.0 N NaOH). The final solution 
was sterilized by passage through a 0.22 micron millipore 


furtcer: 


6. Preparation of Samarium-153(C-14) EDTA 


Samarium-153 chloride solution of 1.0 mCi activity was 


mixed with 10 uCi of C-14 labelled EDTA (108 mCi/mMole, The 


Radiochemical Centre, Amersham,England). This solution was 


at 26% IS 40 braze OF — Sas 2 | 
=e 


2 - >> 


fbevome1 25 nei Verse a sod nines Jia +storn & 18 — 27 
ao @.{ = deromw?.s a3 ip oveeeg ve solsatan 
fon. wf. 0 natw renerdihiupe mason 08-3 «xubatiqua 
feats Beow ie no coe oirieteness. aa? (2058H M 24,4 bas 


firs S21 ie = 
> soporoorsq sit inn 08S ae nolzeyaeds Va yd: pease =By 


sew nolgoeit nivastenatd) ait. .dae™ hedalnowaa - 03 ine 


sau noisolde neszeteasas cdt~mueitamss isnt? siT .Seninte7e6 


beter fia e10gt. tim 


a ‘3 a 7 


PMs am 4 ect-mnuizems2 te nortersqe7t. 12 


— 
= 


7% 


| 329 nottuloe sebitotids Est mui tsmed » 7 


bebhs 2aw Lm\en 
teion Sf rh Leos? ew dane e3 not hee | SPOS enishoald-oo: qiuake, 
cows t& sdedven! o7 tHewdlls eaw netsifos Snr —— ae 


+ vivola Setaurbs bow Ho eit foe Agoyhim Of 302 siussisqne sf 
setsylica Canté sd? . Oe Ww 0.) Se eorbad meunag) date aa 


= oe 
axoqitiim. noiim S3,0) 6 Hover! speresq ve ey 


ae 


9 


At (1-2) car-vonas te aod 
hi 


wee \. 


40 


allowed to incubate at room temperature for 30 minutes and 
thengaddedsto a disodium EDTA solution such that. the final 
SOPULTONueaciievedura) 1:10) “molar ratio of samaniumeions to 
total EDTA. The final solution was allowed to incubate for 
another 30 minutes, pH adjusted to 6.5 and then millipore 


filtered as described previously. 


7. Preparation of Gallium-67 Citrate 


Gallium-67 citrate was supplied by Merck Frosst 
Radiopharmaceuticals, Montreal, Canada, as ae sterile, 
no-carrier-added and non-pyrogenic solution for intravenous 
use. It was supplied at a specific activity of 2 mCi/ml on 
the calibration date, aS a complex formed from 9 nq of 
gallium chloride. Due to the need for equal molar dose 
comparison with the samarium-153 citrate, non-radioactive 
Sterile gallium citrate solution was added to form a final 
Cagmies containingugaltium-G7Ccitrate solutions (ten 7prmolar 
Haune: ect ieGaytoaci trate) aot tpH Ge5neNon-radpoactive stéride 
gallium citrate solution was prepared by mixing gallium 
chloride solution (1 mg/ml) with a sodium citrate solution 
G25 areas to give a final gallium Ciibgateysolutnonrotion:d7 
(Ga ©: citrate) molar ratio. The pH was slowly and carefully 


adgustedeto 6foawithmsodhum@ehydroxmde Tand then Gmillapore 


filtered. 
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8. Preparation of Gallium-67 Transferrin 


Gallium-67 chloride was supplied by Frosst 
Radiopharmaceuticals as a sterile and non-pyrogenic 
solution. It was complexed with transferrin using a modified 
procedure as described by Terner (55, 56) and Harris (68, 
69). Due to the need for equal molar dose comparison with 
Samarium-153 transferrin, non-radioactive sterile gallium 
chloride solution was added as a carrier to form the desired 
motar Wselutsaconese This “carriers gallium-67 chloride solution 
was then mixed with a three-fold molar excess of 
Beto oLmacetabecum(NTA) SAileramay S0eminute wncubationwat 
room temperature, the pH waS raised to approximately 4.5 
with sodium hydroxide. The pH was then further raised to 6.5 
with a 0.1 M sodium bicarbonate. An additional equal molar 
apetuanslerranwinys 0. ioeM KGl andy0.053M>HEPES (pH 7-4) ewas 
then added and mixed. After adjustment of the pH to 7.4, the 
mixture was incubated att Pa CeO Dae hOUGS me lhes non aproce;n 
bound activity was removed by passage through a 1.5 cm 
diameter Sephadex G-50 column equilibrated with 0.1 M KCl 
and 0.05 M HEPES (pH 7.4) buffer. The transferrin fraction 
waSheeluted» first and was confirmed by UV absorption at 
280nm. The percentage of Ga-67 associated with the 
transferrin fraction was determined. This final gallium-67 
transferrin solution was sterilized with millipore 
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D. Quality Control of Radiochemicals 


1. Radionuclidic Purity Control 


The radionuclidic purity of Sm-153 was determined by 
eountamg an aliquot of the final ‘product “using “a” “Ge(li) 
detector (Nuclear Diodes, Prairie View, U.S.A.) interfaced 
to a multichannel analyzer and a minicomputer (Nuclear Data 
600, Nuclear Data Inc.). The resulting spectra were plotted 
using an X-Y plotter. Major samarium-153 photopeaks (Eu 
X-rays) were expected to be seen at 70 and 103 KeV. Peak 
searches and identification of the photo peaks as well as 
the areas under the peaks were determined. A spectrum due to 
background radiation was also compared. The percentage of 
yacianuclidie Simpunituesivand @ther@total byradrvoactivi ty mot 


Sm-153 were calculated. 


2. Radiochemical Purity Control 


a. Ascending Paper Chromatography 


Ascending paper chromatography using a _= pyridine: 


ethanol: water solvent system (1:2:4) and Whatman No. 1 


chromatographic paper (5.5 x 1 inches strips) has been 
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documented for gallium (70). It was shown to be useful for 
Samarium as well. Samarium-153 citrate was found to Have an 
Riwevalve of 02/75 at the pH of 6.5. Other samarium complexes 
tended to stay at the origin. The development time was 
approximately two hours. The chromatographic paper was then 
hung to dry, cut into 1.0 cm segments and the radioactivity 
of each determined by Beckman Gamma 8000 NaI(T1l) Well 


Gounver. 
b. Ascending Thin Layer Chromatography 


Cellulose gel thin layer chromatography (Eastman Kodak 
6064) together with a solvent system consisting of pyridine, 
ethanol) ’*water=“Ci: 2:4) ©'was *"allso “used; especially for 
Sm= 1533 (G=74) EDTAY, @a-45 EDTA and =Sm-153" EDTA purity 
determination. The chromatogram was cut into 1.0 cm Sections 
and samarium-153 radioactivity determined by a Beckman Gamma 
8000 Well Counter. After most of the samarium-153 activity 
had. decayed (21 days), the 1.0 cm sections were wetted with 
1.5 ml double distilled water overnight, then mixed with 15 
Heese = Mrquidesserntu blat voneriuor=(Aquasoel 7 *New*England 
Nuclear sino) sine "6" 14 Sfor —8Ga=45 Ceradicactivity “was *then 
determined separately using the vena scintillation 
counting technique in a Beckman 9000 Scintri lation 


Spec CPOMEtEr. 
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3. Colloid Formation Determination 


High speed ultracentrifugation at 144,000 G of 150 ul 
radiochemical solutions for one hour was used to separate 
colloids from the solution using an ultracentrifuge 
(Airfuge, Beckman). The supernatent was removed carefully 
into separate tubes and radioactivity from both the residual 
activity in the tube and the sSsupernatent were determined. 
The amount of colloid formed was expressed aS a percentage. 
The procedure was performed in duplicate for each compound 


tested. 


4, Determination of Calcium-45 and Samarium-153 Competition 


for binding with EDTA 


Them Stabilatyseot Tsamariums-153. EDTAGHindatcabcium—45 
environment was determined by adding an equal molar solution 
of calcium-45 chloride to a samarium-153 EDTA solution. The 
mixture was incubated for 30 minutes at room temperature. 
Duplicate samples were spotted at the origin of a thin layer 
chromatogram (Kodak) and an ascending chromatographic 
analysis was performed as described previously. Calcium-45 
and samarium-153 radioactivity were determined separately as 
discussed. Calcium-45 was supplied from Amersham as calcium 


chloride in aqueous solution (2.19 mCi/49.7 ug/ml). 
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5. Determination of Samarium-153 EDTA in Urine 


Urine samples were collected from rats injected 
intravenously with samarium-153 EDTA. A small sample of the 
urine was then spotted on a Whatman No. 1 chromatographic 
paper strip. The presence of samarium-153 EDTA was then 


determined by the ascending chromatography method described. 


E. Studies of Uptake by Culture Cells 


Human Melanoma 2AB or EMT-6 cell suspensions were 
obtained by washing the monolayer cells in the incubation 
flasks with Versene buffer (Gibco, Grand Island, N.Y.), 
followed by a brief incubation of about one minute with 0.1 
% trypsin (Gibco, Grand Island, N.Y.). Prolonged exposure to 
trypsin solution was found to alter cell membrane 
permeability, which might lead to inaccurate results (56, 
71). The cells were then washed twice with 10 ml volumes of 
growth medium; the final cell suspension contained 10* 
cells/ml Cha growth mMediumyebihes numbevemokiecel chawane 
determined using a haemocytometer. 

Viability of the cells was determined by their ability 
torexchudel0e | setnypanymblue;UeViability “normally “exceeded 
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gently shaking water bath at 37°C under normal atmosphere 
with gallium-67 citrate, gallium-67 transferrin, 
Samarium-153 citrate, Samarium-153 transferrin Or 
Samarium-153 EDTA. At the end of each incubation period, the 
cells were washed twice with normal saline and the 
radioactivity of both cell pellets and combined supernatents 
determined separately. Cell viability was also determined 
for the control. A minimum of three _ replicates were 
conducted in each experiment. Corrections for dead cell 
uptake were always made for each tube. The correction for 
uptake of  radiochemicals in the presence of dead cells was 


made using the following equation (Appendix 1): 


Uy =nUG/ Vase (Ud exe 10ORSE Vi ) 


where Uv = net uptake by 10° viable cells 
U, = percentage uptake by 10° viable and dead cells 
Ude= percent uptakegbye® i 0étdeadseceiis 


Ve= viabisdaty \ini pemeentage 


The dead cell uptake was determined by incubating 
Sub bamet deadiucebis, with¥avaricus radiochemicals and the 
uptake was then determined. Dead cells were prepared by 
incubating celils@atasé- > forsonethoursand? subsequentlystested 
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F. Tissue Distribution Studies 


The tissue distribution of galliuma6é?7 fcntrate? 
gallium-67 transferrin, samarium-153 citrate, samarium-153 
transferrin and samarium-153 EDTA were studied mainly in 
Lewis Lung Tumor-bearing mice (tumor fragment implanted) 
whemegthe gtumousgreachedathe sizenofgaboutbe0 s5atoe0.7Secnhin 
diameter. The radioactive solutions being investigated (0.1 
to 0.2 ml) were injected via the tail vein at the rate of 
about 0.02 ml per second and at a somewhat slower rate for 
Samarium-153 EDTA. At Specific time intervals after 
injection the animals were sacrificed by decapitation. A 
sample of blood was immediately collected and measured using 
a 1 ml non-heparinized syringe. The sample was then 
transferred directly into a counting vial. The entire lungs, 
liver, spleen, kidneys, tumor and right femur bone were 
excised and a sample of muscle was taken from the right 
thigh. The tissues and organs were transferred to counting 
vials and weighed. A minimum of three animal replicates were 
employed per time interval post-injection. 

Atesthes timebh oof injection; oeduplicatessamplessof the 
radioactive solutions, aca tere to the dose administered 
toertheteanimalsy; ewene beputnaintondiiferentecountingevialks. 
These were counted at the same time as the tissue samples 
and were used as a Standard for the dose administered. Thus, 
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isotopes was eliminated. 

The organs and tissue samples were counted twice for 
one minute each in a Beckman Gamma 8000 counter. The tissues 
were counted without wet ashing as this was found, from past 
experience in our laboratory (51), to produce count rates 
not statistically different than those observed using the 
present technique. The standard doses were counted without 
dilution as they were found, from past observation, to show 
less than 1% loss in count rate when 0.05ml of radioactive 
SOLUbTOM Was sG1luted to 7a three milliliter volume (51) 2 in 
all cases, the tail of the animal was counted to ascertain 
whether any appreciable amounts of radioactivity remained at 
mNetsitermot Vnjectaon. PRaduoactivinyriin -thes remaining 
carcass was determined by counting the upper and .lower 
portions separately in a Picker Autowell II Gamma NalI[T1] 


Spectrometer. 


G. Whole Body Imaging Studies 


PicluLlesmoLmDOdy ) GistLubuUtion sands tUumOn Ns Uptake me Or 
vanious radiochemicals at various time intervals 
post-injection in rats bearing Dunning Prostatic Tumor were 
recorded. Various radiochemical solutions were injected 
intravenously via the femoral vein, and gamma scintillation 


pictures were obtained using a Nuclear-Chicago PHO Gamma IV 
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gamma camera and a collimator designed for Tc-99m. A minimum 
of a hundred thousand counts were accumulated per picture, 


uSing the posterior view. 


H. Whole Body Radiochemical Elimination Studies 


1. Whole Body Counting 


During the gamma scintillation imaging of various 


Bedtochemical meso lutvons in rats bearing the Dunning 
Prostatic Tumor, the mumber of countS per minute were 
recorded immediately following the injection of the 
radiochemical. Background and decay corrections were 


subsequently made so that information on the radiochemical 
elimination from the whole body could be obtained at each 


time interval post-injection. 


2. Urinary Excretion of Samarium-153 EDTA 


Following the intravenous injection of samarium-153 
EDT Amat he ratcewitcnethe Dunning Prostaticerumor were housed 
Separately in metabolic study cages. Food and water were 


allowed ad libitum. Urine was collected at different time 
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intervals post-injection. Radioactivity of samarium-153 EDTA 
in 100 ul urine samples was determined using a Beckman Gamma 
8000 Counter. Correction for background and physical decay 
were made. Data were expressed as percentage of injected 


dose when compared to reference dose standards. 


I. Dual-labelled Samarium-153(C-14)EDTA Tissue Distribution 


Studies 


1. Tissue Sample Preparation 


Samarium-153 (C-14) EDTA was administered intravenously 
to groups of Lewis Lung Tumor’ bearing mice. Organs and 
tissues of interest were excised at different time intervals 
and weighed. Aliquots (about 60 mg each) of such tissues 
were blotted to remove any Po eiag blood, weighed, and 
enanskemnedeatog?200 mimbiquidgscintrllatiuondvialsnhionm later 


processing. 


2. Determination of Samarium-153 Radioactivity 


thea pradioactny 1 bymeot ersamanrium- 53) eun @forgansheand tatissue 


samples waS measured uSing the Beckman Gamma 8000 Well 
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Counter. Counting windows were adjusted to encompass the 103 


KeV energy peak of the radioisotope. 


3. Determination of Carbon-14 Radioactivity 


Radioactivity from carbon-14 in the above tissues was 
determined 40 days later by the liquid scintillation method. 
The delayed period allowed an almost complete decay of 
Sma 53- Tissue Samples for liquid scintillation were 
prepared uSing a tissue solubilization technique as follows: 

The small aliquot organ or tissue sample was placed in 
a glass type scintillation vial. 100 ul of double distilled 
water was added to the sample vial for initial wetting. Then 
2.0 ml of Protosole (New England Nuclear) was added and the 
vial agitated from time to time until the sample was 
completely dissolved to form a homogeneous solution. A_ few 
drops of 30% hydrogen peroxide were added to bleach any 
color formed. The sample solution was then neutralized with 
CHemeadd LUNOnmEOL Usd Mleglacialmaceticouacid. then 15 mie oi 
Scintillation fluor (Aquasol II, New England Nuclear) was 
added. About 3 drops of stannous chloride (4% in 0.1 N HCl) 
solution were added to each vial to reduce 
chemiluminescence. The samples were left to dark adapt for 
30 minutes before counting in a Beckman model 9000 Liquid 
Scintillation Spectrometer. A series of quenched standards 


were prepared using various amounts of blood and aé_é known 
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activity of carbon-14 hexadecane standard. The carbon-14 
radioactivity was then calculated from the generated quench 


correction curve using channel ratio method. 


J. Toxicity Studies 


1. Effect on Weight Gain 


Three separate groups of male adult ALAS strain mice 
(20 - 23g) were intravenously dosed with samarium EDTA 
solutions at 0.1 umole Sm/Kg, 1.09 umole Sm/Kg and 10.9 
umole Sm/Kg respectively. The animals were allowed food and 
water ad libitum and were also weighed at various time 
intervals up to 64 days post-administration. The observed 
weights were compared to those of controls (dosed with 


normal saline) at each time period. 


2. Histopathological Studies 


Histopathological studies were done by Dr. Shnika 
(Department of Pathology, Faculty of Medicine, University of 
Alberta) on the lungs, liver, kidneys and femur bone of ALAS 


Strain mice that were sacrificed 1, 20, 48 and 64-days after 
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intravenous injection of samarium EDTA solution at doses of 
0.1 umole Sm/Kg, 1.09 umole Sm/Kg or 10.9 umole Sm/Kg. 
Female pregnant ALAS mice were injected intravenously with a 
dose of 1.09 umole Sm/Kg and male offspring were sacrificed 
48 and 64 days after birth. Histopathological studies were 
done on lungs, liver,kidneys, and femur bone as before. 
Samples from normal ALAS mice were used as’ reference 


conpncls 


K. Statistical Methods 


Simple statistical techniques were used in the analysis 
of results. Observations or measurments in the same group 
are expressed as arithmetic average or mean. The measure of 
dispersion of results from the mean was expressed as 
Standard deviation which is equal to the square root of the 
variance (75). The Unpaired t test was used to determine 
whether the difference between two means waS Significant. 
Confidence limits at 95% probability levels were used, which 
would give a reasonable degree of confidence on whether’ the 


difference was considered to be significant (75). 
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IV. Results and Discussion 


A. Quality Control of Radiochemicals 


ieeRadronuctirdic) Purity, 


Samarium-153 with radionuclidic purity of greater than 
98.0% was obtained after the bombardment of enriched Sm-152 
ex dem larger inva nuclear reactor. (Gamma nay ipncco ms peak 
Spectra obtained after irradiation in the SLOWPOKE reactor 
CF lux@il ¢xe 10 = any7cm-9 sec) “and the NRX reactor (P¥ux 2 x, 10% * 
n/com?/sec) are shown in figures 2, and 3. The characteristic 
Sm-153 photo peaks of 70 and 103 KeV were identified with no 
other radionuclidic impurities observed up to 7 days after 
the end of bombardment (Figure 2, 3). Figure 4 shows’ the 
thecrectical ly * calculated yield of samamium-l53°after the 
irradiation of a 2.0 mg sample of enriched samarium oxide 
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2. Radiochemical Purity 


Because of the nature of this project it was imperative 
to develop radioanalytical methods for ascertaining the 
DULICY of the compounds tested. Two types of 


radiochromatography were used. 


a. Ascending Paper Chromatography 


Ascending paper chromatography using the pyridine: 
ethanol:water develo mc system (1:2:4) and Whatman No. 1 
chromatographic paper was found to be very useful in 
driterentrating: ’Smn- 50 tchlorrde siromeSm=iS3) citrate 2 Sm- 53 
enlouide: Had Jan Ritvaiuestone0 . 75 atonal. Osdnd am RE tof e011 
aeepHeo. 5 eSm=ai539c1 rate shad faeconstant eRe ivaluewor O77Scat 
both acidic and alkaline pH (Table 2). This result was 
Similar to that of Kulprathipanja (70) in his observation of 
the behaviour of gallium chloride and gallium citrate in the 
Same solvent system. After the separation of free and 
non-specifically bound samarium by the gel filtration method 
using Sephadex G-50 column, sSamarium-153 transferrin was 
found to have an Rf value of 0.1 at the pH of 7.4 (Table 2). 
Smov53 .0cHloride fp eecitratevand*transfernin had’beéen *prepared 
with greater than 97% radiochemical purity when -assayed 


using these systems. Ga-67 citrate (Merck Frosst) and Ga-67 
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transferrin had» an Rf value of 0.82 and 0.1 respectively 
(Table) 2). “Final radiochemical purities of the gallium 
preparation were about 98%. These results were in agreement 
with the observation made by Kulprathipanja (70) with the 


Same solvent system. 
b. Ascending Thin Layer Chromatography 


AtwmeomepH TOLeeOeo somal Ssechlonide” SmaiSsecitratesand 
CambvaecrtrabeamlaGmaaona Ries Valuew sof a0. lee 0/7) andue0se2 
respectively (Table 2). Sm-153 EDTA had an Rf value of 0.9. 
With varying molangratiorcombinataon of. Sm-153 to EDTA, it 
was observed that a minimun molar ratio of 1:2 was needed to 
obtain a stable Sm-153 EDTA complex with a purity of about 
98%. Close to 100% purity was observed when Sm-153 EDTA was 
PRepareGeaty (+ (CUemolangratio. gAteagmolaryratio of j21,. “only 
50% of chelation was observed as the activity was equally 
distributed between two spots having Rf values of 0.1 and 


0.9 respectively (Table 2). 


3. Colloid Formation Determination 


TiemeGLudy am OlemcOlMlOddmeGOLInd wl ONmUNDeGEOuiterentmcese 
conditions is extremely important for the interpretation of 
in vitro and in vivo observations. We have selected the 


ultracentrifugation method as it lends itself to quick and 
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Table 2 


Separation of Sm-153 Complexes by Ascending Liquid 
Chromatography 


Compound PH Support” Rf Values 
Sm-153 Chloride LO Whatman No.1 Paper 0.75 

6.5 uh y Ce a 
Sm-153 Citrate aL. ete) {2 " uM OS 
Sm-153 Transferrin 7.4 HW dy Oye! 
Ga-67 Citrate (5) 2 M O58) 
Ga-67 Transferrin 7.4 ‘. 0 Om 
Sm-153 Chloride Ge PLC we hodakes) Cheat 
Sm-153 Citrate (S's oY H Onaai 
Ga-67 Citrate (sin & a Wy 0.62 
Ga-67 Transferrin 7.4 uy Ye O.1 
Sm—253) EDTA (1a) (AS " ij Of and 40).9 
Sm-153 EDTA(1:2) Gigs ut 0.9 
Sm-153 EDTA(1:10) Ops " u 0.9 


+ Solvent = Pyridine:Ethanol:Water ( 1:2:4 ) 
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accurate results. This technique revealed that both Sm-153 
chloride and Sm-153 citrate formed colloid (greater than 
98%) with either RPMI growth medium (which contains 
phosphate buffer), or phosphate buffer alone, after a one 
hour incubation at room temperature (Table 3). However, no 
Significant amount of colloid formation was observed when 
Sm-153 citrate was incubated with distilled water, rat serum 
or Minimal Essential Medium Amino Acid Solution (which does 
not contain any phosphate*® #buffer) .SiSimbelarly, eism-i53 
chloride and apotransferrin together were found to be stable 
at room temperature and did not form any substantial amounts 
of colloid in the Minimal Essential Medium (Table 3). 

However, when Sm-153 citrate solution was allowed to 
stand in an enclosed test tube or was mixed with rat serum 
at room temperature for 24 hours, a 17.8% and 80.2% colloid 
formation was observed respectively (Table 3). 

Different ratios of citrate to Sm-153 ions also changed 
the stability of Sm-153 complex when incubated with RPMI 
growth medium (Table 3). Only 7.6% of colloid formation was 
e@bsenvediiinyg the@icasetecty Smsi53 Sciitrate Cirs0)sin the 
presence of RPMI growth medium. A higher concentration of 
citrate to samarium seemed to stabilize the tendency of such 
Colloids formation’ (Table 3). Gallium, which was also found 
to be stable as the 3* oxidation state in aqueous’ solution, 
reacted with citrate in similar manner. Gallium citrate was 
observed to be stable in the pH range from about 3.0 to 7.5 


onlyerat. comparablerecitrate*! concentrations (70, 82). This 
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Miguummea MSOnmexplann why aa Sm—153tcitrate  ( ll jesolution 
alone slowly forms a colloid at room temperature. 

In these tests, phosphate buffer was observed to be an 
immediate cause of colloid formation with Sm-153. Lanthanum 
had been reported to be able to react with phosphates to 
form lanthanum phosphate (LaPO,.3H,0) which has a low 
solubility in water and precipates out from the solution. 
Themasclubilityesproduct J of SlaPO was calculated, —to ube 
SppEpowimatel yas. Je kee Ole a), 7B). Similar reactrons nad 
also been reported for gallium with various salts of 
phosphoric acid (79). Precipitation was observed when the 
first portions of phosphate were added to a gallium chloride 
solution. With NaH,PO,, precipitation was reported to be 
slow and required approximately 48 hours for completion. The 
resulting solid phases were reported as white gelatinous 
precipitates which were readily converted into colloidal 


Suspensions (79 - 81). 


B. Screening of Potentially Useful Samarium Compounds 


1. Ultracentrifugation Method 


Various possible salts and complexes of samarium were 


screened. These include the phosphate, thiosulfate, 
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Table 3 


Colloid Formation of Samarium Complexes 


Samarium Salt Reaction Medium % Colloid 

or Complex * or Coditions + Formation’ 

acme 1 (alone in 1.0 ml RPNI) 99.€ (a) 
+ Sodium Citrate(1:17) 1.0 ml RPMI 98.69 + 0.4 
+ Sodium Acetate(1:53) © 99.6 (a) 
+ Apotransferrin(1:0.5) Mb Q7aS aA) 
+ Tartaric Acid (1;29) ut 88715 0.6 
+ Bis(2-ethylhexyl ut SSIS ep Ar 

hydrogen phosphate) (1:10) 

+ W (Ng) Cee 3055 
+ & hydroxy-quinoline(1:17) " 94.7 + 6.4 
+ Diethyl HIDA (1:10) SSiegls) ge Loe 
S ays (Gh Zs))) a 3.9 + O.1 
+ Disodium EDTA meena Ms Coe: 
+ Sodium Citrate(1:17) ut 98.9 + 0.4 
+ " (2720)) " Sites 0.1 
at " (1:40) nt 53.9. 0.4 
2 " (1:80) etek ary 
Ms " (1:160) iY ToF a0s4 
¢ " (1:240) " Bk Ge 48 0.1 
+ " (1:400) " Se fae ie 
+ " (1:800) ut ryt) Ge IWigks 


a 


“conta nue 


, ws * c i sab ny i 
ty sice, (rae te 2, 
a, 3 i’ as, Ue : 
4.6) Pa.86 
\e) @-44 


ee "pf a 
oye = 5. 05 : : or be 


ret 
Fant a bs 


ro 
= 

tr 
= 


2.a 


“A 
° 


=.0 
+.8 
eet 
- tel 


~a 2 &.4 
s s = 
= rT 

a a 


ov 


> 
oO 6 
aa | 
=p 
_ 


A We 
«& 
ih) 


ie 0 te it de te ie 


ia] 


yo & 4A S&S 
aT es <4 ® 
- 


vt 


GOOD 


Table 3 (continued) 


Samarium Salt Reaction Medium *% Colloic 
OnEecomplexs: er Conditions Formation em 
LS) 
on Cl. Phosphate Buffer ORS Ont 
(QsSIi Omi, pHiz 0) 
Me Apotransferrin 
(422.0, in 1 SOmiv HEPES) 6.5 4 Cl2 
" ApoOtransPerrim (ist. @)) 0.7 + 0.2 


and 1.0 mm. Minimal 
Essential Medium 


1 OS Citrate Distillec Water (1.0m1) sue + 2.3 
(Giga) 
Alone, 24hours at Wo 168 
room temperature 
u Phosphate Buffer 5. Br +. 0). 4 
CoS ii, L.Oml) 
us Apotransferrin Sa twee ee 
(Cabisak ain atigy 2 tO) Wl TERPS) 
Rat seriun ( 2.0 mi) 2.5 + 0.4 
Ny Rai Serouny 8. Ol me amd SOL2 +8 Oxi 


24 hours incubation 
at room temperature ) 


a) 

1+ 
(2) 
ny 


" Minimal Essential Medium Oe 
(ped Olas Pa) 


iS ” < 4 
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carbonate, acetate, succinate, Salicylate, dichromate, 
bicarbonate, citrate, oxalate, tartarate, malonate, 
glycinate, EDTA, NTA, bis (2-ethylhexyl hydrogenphosphate), 
8-hydroxy-quinoline (8 HQ) and diethyl IDA derivatives of 
“Samarium. Some of the results were shown in Table 3. 

Among the salts and complexes screened, only Sm-153 
Citrate (1:80), Sm-153 EDTA, and Sm-153 NTA met the criteria 
andnedrd Wicks fonmetsignniveantetamount, of colloidSinevitre 
after a one hour incubation with RPMI growth medium (Table 


our 


2. Imaging of Potentially Useful Samarium Complexes 


A preliminary scan was conducted by imaging the 
distribution of a number of samarium complexes in rats. 

Sm-153 citrate (1:80) and Sm-153 NTA had been shown to 
be relatively stable in vitro with no significant amount of 
colloid formation. However, when a 1.09 uMole Sm/Kg dose of 
either compound was injected intravenously in normal male 
Wistar rats, a significant uptake by the liver was observed. 
Gamma scans at 48 hours revealed that a major portion of the 
radioactivity was concentrated in the liver and spleen for 
bothvagents (Figure 5). A Similarsobservation was also noted 
Gor both Sma 453 HIDA ancdeeSsm=053 -ecomplexed Gwith enc 
hydroxy-quinoline (Figure 5). Only Sm-153 EDTA (1:10) in rat 


showed Lit vie hepatic concentration and considerable 
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Skeletal localization. Within the skeletal system, uptake by 
the skull and joints was observed to be predominant for 
their Sm-153 concentration (Figure 5). 

A significant hepatic concentration was also observed 
by O'Mara (40) after the administration of Sm-153 citrate 
and Sm-153 NTA in rabbits. However, when Sm-153 HEDTA was 
used, the same authors also noticed@little iver wuptake at 
24 hours while skeletal uptake consisted of about 45% of the 
injected dose (40). 

ins summary, = irom. the” in) Wypvow tgammtamsscantaulat Lon 
pictures obtained after intravenous injection of the above 
agents in normal Wistar rats, only Sm-153 EDTA was found to 
Demsuitable (Figures 5). Samar lulmiasmemt ma vets Urabe. | 53 
NTA, Sm-153 HiDAsand Sm-153 hydroxyquinolane all accumuiated 
in the liver to a great extent after 48 hours. This 
indicated that these complexes were possibly unstable and 
that they released samarium which then formed colloid in 
vivo. On the other hand, Sm-153 BDTAMUiN@)Jeexhibitedmiittle 
hepatic accumulation at 48 hours in vivo. Localization of 
Smoloseactivigy ihn bone “and JC lnecwwasSmmnCNwevcumsoDser Ved 
(Figure 5). 

Although Sm-153 “tranferrin ecw de Molwmiccr mat cmmoas tC 
ae ieset Oe low. Liver CONnCceNboatl Olen aeWoSmmEUrt her 
evaluated along with Sm-153 Citrate ancwecn as soe nDTAy as 
Ga-67 transferrin has been reported to be tumor avid and 
transferrin itself was suggested to be a potential carrier 
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Figure 5 


scintigraphic Distribution of Sm-153 Complexes 
in Normal Rats * Camera exposures #1 & #2 


Citrate ( 1:80 ) 


NTA (1:23) 


IDA (1:10 ) 


8 -H@(1:17) 


EDTA (1:10) 


after collection of 200,000 counts 


* Images obtainea 
a PHO Gamma IV Gamma Camera 
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C. Calcium-45 and Samarium-153 Competition 


Because EDTA complexes of samarium were considered for 
CUGEESTUCY ,~umtt. eaWas  ormportant mito) sdetermine ithesextentmor 
calcium competition with the lanthanide. For this, 
chromatographic procedures were developed to separate the 
various Samarium and calcium complexes. 

EDTA labelled with C-14 had an Rf of 0.9 with ascending 
oquidachromatography usings £ELC e (Kodak). siCa=45 chloride 
alone had an Rf of 0.05, which changed to 0.9 when mixed 
with EDTA, indicating almost 100% complexation (Table 4). 

When equimolar amounts of Sm-153 chloride and Ca-EDTA 
were mixed together, the formation of Sm-153 EDTA was 
greater than 90% (Rf=0.9). On the other hand when equimolar 
amounts of Ca-45 chloride were mixed with Sm-153 EDTA(1:1), 
no Ca-45 activity was observed at Rf of 0.9 indicating that 
Ga-45e could notm displace® Smaio smi comeithnessasomai53 EDTA 
complexes. It was therefore, concluded that Sm-153 had a 
stronger complexing affinity for EDTA than Ca-45 (Table 4). 
Calcium disodium EDTA has been known to be able to remove 
Heavvyemetaleronssineclinical application (83) —985). Samarium 
was) also ‘known to be a competitor for and inhibitor of 
Cole MeO UNC tid eSit es. (5:55 3071s 0 eo OO) se OUT EGeSULCS 


seem to agree with these findings. 
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Table 4 


Chromatographic Separation of Samarium and Calcium 


Complexes 
+ 

Sample Rf Values 
C-14 EDTA ‘{Amersham) 0.8 
Ca-45 Chloride ( Amersham) OFO'S 
Ca—45 ED TAM Ges ee 0.9 
Sm-153 Chloride + 

Disodium EDTA (1:10) 0.9 
Sm-153 Chloride + 

DrsoeLum BDRAw GL 2a) Op l yand -Oe9 
Sm-153 Chloride + 

Caletint EDTAS Cil-3 0) 0.9 
Sm-153 Chloride + 

Galemun EDA ses) CO. Land 10!.S 
Ca-45 Chloride + On.OS. € Casws Iq 


Sm-153 EDTA 


“7 OLe ( Sm-153 
(Ca:Sm:EDTA = 1:1:1) a EN Ss ) 


* ITLC ( Kodak ) used together with a solvent 
consisting of Pyridine:Ethanol:Water (1:2:4) 
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D. Determination of Samarium-153 EDTA in Urine 


The nature of the samarium derivative in the urine of 
animals which were administered samarium-153 EDTA was 
determined by means of chromatography. 

Ascending liquid chromatography using Whatman No. 1 
paper revealed that Sm-153 EDTA had an Rf of 0.7. However, 
Seo omactavibyei nec hesunine Of rats ueinqgected  Withessmaio3 
EDTA had an Rf of 0.1 (Table 5) These results suggested that 
Sm=15375in unine wasenote in the form) of 25m=i5388 TEDTA. While 
such changes most likely have happened as a result of in 
MivoemetsbO loll ar iCempoccmON UC yum Sil iim@mcxkT SES MeLhaceeriie 
change occured during the chromatographic process in vitro. 
The pH or other ions in the excreted urine might also be an 


important factor contributing to such changes. 
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Table 5 


Chromatographic Separation of Samarium from Urine 


Sample Rf Values * 
Sm-153 EDTA (1:10) On 
Sm-153 radioactivity On 

in urine 


* Whatman No.l chromatography paper usec together 
with a solvent consisting Pyridine:Ethanol:Water 
(lz 240 
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E. Radiochemical Uptake by Cells in Tissue Culture 


1. Comparison of Sm-153 Citrate, Sm-153 Transferrin and 


Ga-67 Citrate Uptake in Melanoma 2AB Cells 


Theatumon cellauptakessofmaisSms |5Ssincitnabestand GSm-158 
transferrin was undertaken in a Melanoma 2AB cell culture. 
AS a comparison, Ga-67 citrate uptake was also tested in the 
Same system. Uptake studies were performed at 1.9 nMole 
cations per million culture cells. Uptake comparisons were 
made at various time intervals St incubation. 

There were Significant differences between the uptake 
o£fl11SmsiiS5s3aecitratemtand eGasé/locitraterbyci@s Medanomat2AB 
cells in RPMI growth medium. The percentage uptake was 
D2802s4)  SSmlormasm-dosncitrateGaandi t0s9970eA2notone GacG{ 
Gitrate at)2 hours (Table 6, oFigures6).aSince!Sm-153 citrate 
had been shown to form a colloid (over 95%) when mixed with 
RPMI growth medium, such drastic uptake by 2AB cells might 
be caused by the surface charge effect between Sm-153 
collondsaand 2AB culture cells. 

Ther 0 s09%msuptakes Ol) §Gac67 Gatratesat, 2anours by °2AB 
cells was consistant with the observations of Terner (55). 

Uptake of Sm-153 transferrin by 2AB cells was similar 
to $m-153 citrate uptake (Table 6, Figure 6). Since Sm-153 


citrate and Sm-153 transferrin had been shown to form 
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colloid in the presence of RPMI growth medium, such a result 
was expected. The percentage uptake of Sm-153 citrate and 
Sm=153e) transferrin by 2AB cells at 2 hours were 93).024+3.75 
and 91.90+2.00 respectively (Table 6, Figure 6). 

When Sm-153 citrate was incubated with RPMI growth 
medium without 2AB cells, no significant activity was 
observed | on Geherculture tube wall. This indicated that the 
Sm-153 colloid so formed was indeed bound, probably due to 
Surface charges, to the culture cell surface instead of the 
culture tube. Possible formation of samarium phosphates as 
insoluble colloid had been reported (78, 79) and discussed 
im previous sections. | Sm-153 transferrin offered no 
CbServablemadvaneages mine prevenringscollordals formation eit: 
vitro (Table 6, Figure 6). Since the mechanism of culture 
cell surface adsorption of colloidal particles and the true 
cell uptake is so different, a comparison between Sm 
Citrate, Sm transferrin and Ga citrate cannot be made. 
However, this data pointed out that an alternate Sm-153 
agent was needed such that availability of Sm-153 ions to 


the cells is allowed. 


2. Uptake “of “Sm—-153 EDTA (1210)= GinQlMelanoma 2 AB Cell 


Cultures 


Since samarium-153 EDTA had been shown, from previous 


experiments, to be stable both in vivo and in vitro, the 
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Figure 6 


Melanoma 2AB Cell Uptake of Sm-153 Citrate and 


Ga-67 Citrate 


Percentage Uptake ( 10° Cells ) 
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Table 6 


Uptake of Sm-153 Citrate, Ga-67 Citrate and Sm-153 
Transferrin by Melanoma 2AB Cells * 


Incubation Rencenmveu pale pe Mm NneMData OMminube™ = 

Time min. Sm-153 Citrate Ga-67 Citrate Sm-153 Transferrin. 
5 66.30 + 2.88 0.19 + 0.06 - 

10 We One ayy) Oo22e tO ue = 

15 75070 4 2.80 O,e4 50,02 BA, 61s 2.30 

20 75.30 + 2.55 0.29 + 0.06 = 

30 TTA See One Ole eles at ea 

45 Boles 4 263” G.47 s00 S30 CGs2. 47 R oes 

60 69.43 + 1.537 0.55055. 87,80" 2.66 

120 Go,.02) ean So. Gooey O42) St cCpe ee. Ue 


* in REL mediums L.S nMoles of each muclice augec to each 
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Uptakeumolmesomanvum— 153 "EDTA( 1:10) Jin the Melanomas2AB cell 
line was studied at a concentration of 0.6 nMole Sm-153 per 
million cells. A comparative uptake of Ga-67 citrate (0.6 
nMole Ga-67) was also undertaken in the same system. 

Sm-153 EDTA was found to have a higher percentage 
uptake by Melanoma 2AB cells than Ga-67 citrate at a 
concentration of 0.6 —nmMole per million cells. Such “a 
difference was observed after 45 minutes of incubation and 
increased continuously until the end of the experiment (120 
minutes). The percentage uptake at 120 minutes was 5.26+0.29 
hOLMoMs jos EDTA Vand) 3.9220. 05MiCr Ga ey moleratemrespecti vel y 
(Table 7, Figure 7). In this experiment, Sm-153 EDTA was 
ChSeryeds (COsshevewa 347 hi ghersupltakempy. thes2ABbecellouthan 
the same molar concentration of Ga-67 citrate (Table 7), 
EUS seindireatinon that | Sn—|153eREDITAs might be a potentially 


better tumor localizing agent than Ga-67 citrate. 


3. Mechanism of Uptake of Sm-153 EDTA (1:10) in cell culture 


In order to reveal whether Sm-153 was taken up by _ the 
CUlbEUremCeUlGmesmom- (53 BDTANCOMplex OLlasS Inadrvidual ions, 
a cell culture experiment using dual-labelled 
Sm-153(C-14)EDTA, at 0.6 nMole Sm-153 per million Melanoma 
DAneCceliceand aa de (0) Sm-153° "tO. —BDTA =molar  “ratwo,. was 
designed. Siteal oe and C-14 activities were determined 


Separately welt ethne om) 53 (C= 14) BDTAs complexe wasminconpovaced 
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Uptake of Sm-153 EDTA ( 1:10 ) by Melanoma 245 Cells 


Sm-153 EDTA 
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Ga — 67 Citrate 


Oo 30 60 120 


Incubation Time (min) 
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Uptake of Sm-153 EDTA (1:10) and Ga-67 Citrate 
by Melanoma 2AB Cells 


Time Min. Cellular lit alee es 
Sm-153 EDTA Ca=b7 Citrate eae 

5 OL 55. + 0.19 1.45 + 0.09 

10 0.88 + 0.06 1.93 + 0.09 

20 1. 40956017 2.4 Oe 

30 2.53) 4+ 0,30 PeTypee (Ones 

45 Beso 40.30 Zo09e+ O,0S Le <0.0L0) 
60 3.64 + 0.47 SiG 4.0.24 (Fa 0.100) 
120 Sisley ORES Sng +0 05s (PK 02001) 


* each incubation tube contained O.6 nliioles of 
either samarium or gallium 
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byscells@invanvunchanged form, then the cellular. tatio of 
Sm-153 and C-14 radioactivities should be the same as that 
of the incubation medium. 

Sm-153(C-14)EDTA uptake pattern by the Melanoma 2AB 
Cells varied slightly from the ES Bates experiment in which 
Sina ibs EDTA was used. This might be the result of 
differences in the batches of sub-cultured Melanoma 2AB 
cells OF the Slight variation in the experimental 
conditions. Nevertheless, such changes should not affect the 
purpose of this dual-labelled experiment. The percentage 
uptake of Sm-153 activity was observed to be 5.49 at 120 
minutes. This agreed closely with the previous results. On 
Ehes Other @hand, the C-14 activity at) 120 5 minutes was) only 
2.77 percent of the incubation dose (Table 8, Figure 8). 
This indicated that the uptake of Sm-153 is somewhat 
independent of the C-14 labelled EDTA probably through the 
dissociation of the complex. Since the ratio of the two 
activitiess (Sm- 153" "and C-14) remained fairly constant, it 
was necessary to investigate the influence of EDTA on_ the 
uptake of a different molar concentration of samarium. This 
was achieved by using a higher specific activity 


sSamarium-153 nuclide. 
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Figure 8 


Uptake of Sm-153(C-14)EDTA ( 2:10 ) by Melanoma 2AB Cells 
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Table 8 


Uptake of Sm-153(C-14)EDTA (1:10) by Melanoma 


2 RE Celle: 


80 


Incubation Time 


(. min?) 


[Oa 


10 
20 
30 
45 
60 
120 


* each incubation 


3.68 
4.30 
4.70 
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2595 
5.49 
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|+ 


Cellular Uptake** 


Sm-153 C-14 


0.18 
0.26 
0.39 
0.14 
0.09 
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0.06 
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**pnercentage of uptake per 10 cells, each value 
represents the mean + 1 S.D. of thnee Geterminations 


tube contained 0.6 nMoles of samariuz 


awohaisn yd (ORs h) Atceteteviges ae te sdas qu 


Sah te5 AS 


, ax . 
ni Cae Sd = 
riaktiza, 4elubie ant? redoety snk 
ote ET SEE ee , es. 
Fo iat bios iS Oe 


J S «5 TL = 63,2 O35 
TI.0 = Dees ¥ + 4f.5 he 
SS z y 57,o + £678 Poy 

. e 40.5 By gl? ~ x ) an 2,5 
« yy SO) = 38.5 €e.90 
Delt a et GC.) & FPS y 


a inane aiini 


ul=ernes to 26d0¢n 4.0 Santasrnes 


a 
wis ceu ,aiad 2 tne 
VACtedletTedss serrate Tor .Gie « 


e- OF): o% 
hg bet Ss 
> tc.2 oh 
= Bese 

+ Bee uss 


ne SNR 


403 ering et Noee * 


épuran Bo eer re ** 


= uy! Sth. STR et 


8 1 


4. Uptake of High Specific Activity Sm-153 EDTA(1:10) by 


EMT-6 Tumor Cells 


ThesuptakevoteSm=i53(C>14) EDTA at aurconcentzatiron hot 
6x10°* nMole was again compared to Ga-67 citrate using 10° 
EMT-6 cell culture and Waymouth growth medium under the same 
conditions. A significant difference in uptake between 
Sm-153 EDTA and Ga-67 citrate waS again observed. The 
differences became pronounced at 10 minutes and continued 
thereafter to 120 minutes. While the percent uptake of 
Sm-153 at 120 minutes was 20.78, and that of Ga-67 was 4.08. 
Diem Oise DTAwactivity however sewas) similar stom thal fot 
previous experiment and the percent uptake by the cells was 
found to be 3.16 at 120 minutes (Table 9, Figure 9). The 
reduction in radiochemical concentration of samarium seemed 
to cause a considerable increase in the percent uptake by 
eulpureSscellsmtéor? bothusm=153 \EDTAPandNGac6/Peitrate.lAti2 
hours, the Sm-153 EDTA was shown to have a five fold uptake 
increase by the EMT-6 culture cells than the Ga-67 citrate 
linder, thewsame conditions. The uptake of Sm-153 activity ~ by 
culture cells was also observed to be independent of the 
Gadteacrivieye The interesting aspect of this experiment is 
that the Sm-153/C-14 ratio seemed to increase progressively 
as a function of incubation time thus lending evidence to 
the dissociation theory previously proposed. One might also 
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cellular membrane which explains the noticeable differences 
in uptake between the low and high specific activity 
preparations. While it may not be entirely valid to 
intercompare uptake between different cell lines solely on 
mechanistic assumptions, experience in our laboratory has 
demonstrated that radiogallium uptake by the two different 
cell cultures was essentially identical (99). Of even 
greater importance 1S our observation that the samarium 
uptake was so much higher than radiogallium in the same cell 
line. This can be explained on the basis of either increased 
cellular membrane transport or simply a greater tumor 


metabolic affinity for samarium. 


F. Tissue Distribution Studies 


1. Sm-153 Citrate Distribution in BDF, Mice Bearing Lewis 


Lung Tumors 


Despite our observation that Sm-153 citrate may form a 
colloid under certain jeondieronsein vitro, the testing of 
such a complex in vivo was necessary to ascertain the true 
biological behaviour of the compound. 

When a 3.0 umole Sm/Kg dose of Sm-153 citrate was 


injected intravenously into BDF, mice bearing Lewis Lung 
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Figure 9 


Uptake of High Specific Activity Sm-153(C~14)EDTA 
by EMT-6 Tumor Cells 
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Tumor, a high percent of the injected dose was found to 
Tocalvzem in. the ‘liver (52.65% at 6 hours and 75.03% at 48 
hours respectively). The percent of injected dose in other 
organs such as spleen, bone(femur), lungs or kidneys was 
less than 7% throughout the 48 hour period of observation 
(Table 10A). Radioactivity measurement per milliter of blood 
revealed a rapid disappearance of Sm-153 citrate from 9.39% 
Of the dose at 6 “hours to 0.11% of the dose at 48 hours 
(Table 10A). Although tumor-to-blood ratio had reached 52.38 
at 48 hours (Figure 10), liver-to-blood ratio was 634.89 and 
spleen-to-blood ratio was 137.29 at the same period (Table 
10B). These distribution results were similar to the 
observation made by Matsusaka (29), in which approximately 
50% of injected samarium chloride localized in the liver. 
Durbin (66) a calso *obpserved) ssubStantialk localization. of 
lanthanide complexed with citrate in the reticuloendothelial 
system. Considerable hepatic uptake of samarium-153 citrate 
in rabbit was also reported by Woolfenden (10). 

The tissue distribution result suggested that Sm-153 
citrate might be a potential tumor imaging agent in view of 
the high tumor-to-blood ratio at 48 hours (Figure 10). 
However mtherextensiveslocalization of Sm 1 >Ssecitrate anethe 
liver might limit the usefulness of this tracer in 
delineating small tumors in the abdominal area. One might 
also speculate that the possible formation of Sm-153 colloid 
in vivo might be a factor causing such substantial hepatic 


uptake. 
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2. Sm-153(C-14)EDTA (1:10) and Ga-67 Citrate distribution in 


BDF, Mice 


Previous observations in cell culture studies indicated 
CharvrerSimrg b> SEDTAe( 1:110)% had ta) hagher weumeriice Bl Suptakesthan 
Ga-67 citrate. An in vivo tissue distribution study was 
therefore designed for further investigation. 

Tissue distribution comparison was made between 
Sm ist CaleyEDTAw ( le: i0)satand $eGax6 betcutratemri mvislhy mice 
bearing Lewis Lung Tumors. A dose of 1.09 uMole nuclide/Kg 
waS administered intravenously to separate groups. The goal 
was to determine (a) whether or not Sm-153 EDTA concentrates 
better in tumor than Ga-67 citrate and (b) the tissue 
adtstributiion iol WSm1 53 ein jwiivo 7 

The percent dose distribution result is reported in 
Table 11A and the tissue-to-blood ratio is reported in Table 
TB. Hepatic and bone uptake of Sm-153 EDTA was 
Substantially lower than that of Ga-67 citrate at the same 
time period. The percent dose uptake in liver was 4.76 for 
Sis oseEDTA cOmpareds tO 15.05 fon Ga-67 citratesat, 48. hours 
(Table 111A). Bone uptake at 48 hours was 5.02% of the dose 
for Sm-153 EDTA compared to 15.84 for Ga-67 citrate (Table 
11A). 

Mhe results talsommindscated umpchateiSm 153 EDTA wehad yea 
higher EUNO Ba EO- b hood ratio than Ga-67 citrate. The 


tumor-to-blood ratio for Sm-153 EDTA was 37.22 at 24 hours 
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and 65.49 at 48 hours (Table 11B, Figure 11). However, the 
tumor-to-blood ratio for Ga-67 citrate was only 1.69 at 24 
hours and 1.54 at 48 hours (Table 11B, Figure 11). 

Although the Sm-153 EDTA dose used in this experiment 
was about one-third of the previous Sm-153 citrate dose, the 
percentage dose to liver at 48 hours was only 4.76% compared 
Pome OSs Or Siz i538 citrare (Tab Mem. l0As aaa Aye This 
indicated that Sm-153 EDTA might be a better tumor imaging 
agent than Sm-153 citrate. The result also indicated that 
Sm-153 EDTA had a substantially better tumor avidity than 
Ga-67 citrate. Sm-153 EDTA had a twenty-two and forty-two 
EOld  hrgher “tumorsto-blood @ratio than Ga-6/ citrate at 24 
and 48 hours respectively (Figure 11). The high tumor to 
blood ratio and low percentage dose in liver as seen in 
Sia oOREDIAMINeVIvOgd ust ruputmom suggested that om 1537) EDTA 
(1:10) might be a potentially better tumor imaging agent 


than Ga-67 citrate as well. 


3. High Specific Activity Sm-153 EDTA (1:10) Distribution in 


BDF, Mice Bearing Lewis Lung Tumors 


Because of our previous observation in cell culture 
studies indicating the importance of high specific activity 
on the uptake of samarium by tumor cells, an in vivo study 


was designed with the above in mind. 
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smc 53a0f a .specifaict activity ofs 1.0euCieper)4.09 uMole 
Sm/Kg is the highest dose achievable through the production 
by a SLOWPOKE reactor under our irradiation conditions. In a 
clinical situation, however, a much higher specific activity 
of Sm-153 is desirable. Tissue distribution studies using a 
dose of 10.9 nMole Sm/Kg was therefore undertaken. A high 
Specific activity Sm-153 was obtained using the high thermal 
neutron flux reactor at Chalk River (Atomic Energy of Canada 
beds )& 

Tissue distribution results indicated that the 
percentage dose in liver at 48 hours was 9.59% for Sm-153 
EDTA (Table 12A) compared to 15.06% for Ga-67 citrate (Table 
12A). The tumor-to-blood ratio at 48 hours increased from an 
average of 65.49-_to 71.54 by reduction of dose from 1.09 
uMole Sm/Kg to 10.9 nMole Sm/Kg. The 1/100 dose reduction 
increased the tumor-to-blood ratio by about 36% at 24 hours 
and 9% at 48 hours (Table bet, 12BVRE Dumor-tosbl codge@ratao 
for Ga-67 citrate at 48 hours was shown to be an average of 
Zolemvtables12B)ipone-torblood® ratio sreached, 7750.24 5 (for 
Silo sme OUTAgs Table. 128) ecompared to .9.25ulo0r GanG/ "citrate 
(Tab Lesst28))). 

When compared with Ga-67 citrate, Sm-EDTA was found to 
be superior in its availability to tumor sites. At 24 and 48 
hours post injection, Sm-153 EDTA had shown a respective 
forty-seven and twenty-five fold higher tumor to blood ratio 
than Ga-67 Citrate (Table “2B, ) Figure. 12) 7 sAithough 


Statistical analysis of Sm-153 EDTA tumor to blood ratio did 
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not reveal any significant differences between 10.9 nMole 
Sm/Kg dose and 1.09 uMole Sm/Kg dose at 48 hours, 
Significant differences existed at 24 hours ( P<0.025 ) 
CRiguress| si 

Sm-153 EDTA (1:10) has also shown greater stability 
Eromeepossi bles col lordal® formationemin vivo ethane som 153 
citrate. Both 1.09 uMole Sm/Kg and 10.9 nMole Sm/Kg doses of 
Sm-153 EDTA in BDF, mice revealed that less than 10% of the 
dose is accumulated in the liver at 48 hours (Table 114A, 
IZA). The high bone-to-blood ratio of 6/50a2% ate¢6 hours 
also suggested that Sm-153 EDTA might also be a_=e good 
potential skeletal localizing agent. 

O'Mara et al (40) had similar observations in rabbits 
with Sm-153 HEDTA. Although actual dosage used was not 
identified, they reported that the percentage dose in whole 
skeleton at 24 hours was 45.70% and in liver was 2.51%. They 
also suggested that Sm-153 HEDTA might be a good _ skeletal 


imaging agent. 
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G. Whole Body Imaging Studies 


1. Comparison of Sm-153 Chloride, Sm-153 Citrate and Sm-153 


Transferrin Tumor Localization 


The ultimate test of a radiopharmaceutical from the 
oncological standpoint is the measurement of its uptake by 
tumor. Our basic criteria in the selection of an appropriate 
tumor model for the study of Samarium were: 

1. that the tumor be of such a size that overcomes the 
limits of the gamma camera spacial resolution, | 

2. that the tumor bearing animals be readily available 
for a large number of tests, and 

3. that the tumor show an avidity for the element of 
interest. 

Copenhagen rats bearing Dunning prostatic tumors met 
such criteria and were used throughout this section of the 
investigation. Rats bearing tumors on both the left and the 
right flanks were dosed intravenously with 3.0 uMole Sm/Kg 
Dody mvc rohoeewtunwerune, Smotocechlonnde, Sm-wosiciuratlegor 
Sm-153 transferrin. Gamma scans were taken immediately after 
payecuwony Bate Ge hours; 24 thourstand@46fhourse*Thesheart, 
liver and tumors were observed to accumulate radioactivity 
immediately°following' injection and at 6 hours for all*three 


agents.*Cold spots" within» *theestumore were “also sobserved 
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probably delineating the necrotic area in the tumor (Figure 
14). Both Sm-153 chloride and Sm-153 citrate showed a 
Significant concentration in liver at 24 hours while 
SOULE Eye eeened Gt anGmetUnOnemdimini shedmasubstant.a lly mA 
Similar distribution was observed for Sm-153 transferrin at 
48 hours (Figure 14). These observations suggested that 
inpeial localization Clmthewmehcecm tracer ce aInwaLUMOGmmwaS 
mainly due to the vascularity of tumor. Hepatic 
concentration of tracers irom @bleods circuvationm possibly 
continued through the period of observation leading to a 
"hot liver' at 24 and 48 hours. Similar observations of 
Samarium distribution were reported by Matsusaka (29), 


O'Mara (40) and Gilyazutdinov (41). 


2. Comparison between Sm-153 Citrate and Ga-67 Citrate Tumor 


Localizatron 


Since gallium—67 Citratesi1S spoutinely usedsroraclinieal 
tumor imaging, a comparative study between Sm-153 citrate 
and Ga-67 citrate was conducted. 

Rats bearing Dunning prostatic tumors on both the left 
and right flanks were intravenously injected with 3.0 uMole 
Huc lide, KowdoOseuoOL welLHeC resi loomcitlLatenOmeGanodeclulace. 
Although hepatic uptake of both agents was observed at 48 
HOUnopeaE cme Celt HEUDLAKeCWOLmoM= |boECiULoLCEDyY ssl VCramWas 


found to be predominant. Delineation of the tumor at 24 and 
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Figure 14 


Scintigraphic Images of Samarium Uptake in Dunning 


Prostatic Tumor Bearing Rats* 


Dunning Prostatic Tumor in Rat 


intel 


Sm-153 
CRiloride 


Sri oo 


Citrate 

Initial 
Sm-153 i 
Transferrin 


| ae oe 


SC indicates point of partial subcutanious injection 
T + indicates location of tumor 


* Administered at Dose or 3.0 uMole Sm/Kg intravenously 
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48 hours was difficult when Sm-153 citrate was administered 
(Figure 15). Scintigraphic results suggested that Sm-153 
Citrate swasminteriorsto Ga-6/ citrate invits tumor attinity. 
Our observations from this experiment seem to contradict the 
recommendation made by Sullivan and Friedman (46) as well as 
Woolfenden (10). Such contradiction might be explained on 
the basis that these investigators have used different 


species of animals and tumor models. 


oie Comparison of Tumor Localization between Sm-153 


Transferrin and Ga-67 Transferrin 


Gallium-67 transferrin had been proposed as a potential 
tumor imaging agent since transferrin receptors were 
associated with tumor cell membranes (3, 8, 56, 57). Thus, a 
Study wasS conducted to compare this agent with a 
Samarium-transferrin complex. 

Rats bearing bonaind DEOStLatLicw CUMNGD MW Onn ebOth) eitanks 
were injected intravenously with either Sm-153 transferrin 
OremGad-OuMEGransSrtertin Sati ies .0 uMole cations/Kg dose. 
Observation of the resulting scans indicated that they were 
very similar to those noted for the citrate derivatives of 
both tracers (Figure 15). Sm-153°transferrin was found toube 
Dneeraormto Ga-o7 transrerrin ainetumore Localizationws somali 
tumor affinity differences were observed in the scans with 


bothieiusotopes in either their citrate srom Stransterring 1orm 
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(Figure 15). Hepatic concentration of both agents was also 


predominant. 
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4. In vivo Disposition of Samarium-153 Citrate 


Since both Sms1i53 citrate and Sm-153) "transterrin, were 
shown to form a colloid under certain experimental 
conditions in vitro, and because both agents’ localized 
mainly in the liver in vivo, an experiment was designed to 
investigate) Chempossi bali yom coulLoldmmrormat Ton mmsin. Video. 
Male Wistar rats (weight 300 gm) were injected intravenously 
via femoral vein with a 3.0 uMole Sm/Kg dose of either 
Smai53 citrate Ghe Sites Ehanstenimin. One hundred 
microliters blood samples were collected at different time 
intervals from a vena cava cannula. The cannula consisted of 
a PE-50 capillary polyethylene tube surgically implanted in 
the rat one week earlier. The tube was filled with 10% 
heparinized normal saline and sealed at one end. The open 
end of the tube was implanted in a parallel fashion inside 
the superior vena cava. The tube was brought through the 
abdominal wall, circled around the body underneath the fur 
and the sealea@eenarsutured at euthe™ postemilorsa Sade. Of “the 
neck, Surgicalmmot:! kuen(4—0) meewaSmeUuSecOm SrOnmmLaSteningmsand 
surgical chromic gut (4-0) was used for suturing throughout 
the cannula implantation procedure. About 0.1 ml of sterile 
normal Saline was s 1m ,ected) into =~ New tube” berore the 
collection of blood took place. The plasma and red cells 
were separated by centrifugation and activities of both 


fractions were determined separately. Results from both 


staw dixaetensya £¢ 
(sien) yogis cisiteo, 
bgsilaoot asneps ted 
od benpies® ean snanits “ 
<iviv of moisamye? bias 


yivvousverind had permits ‘eae er & 
titie to sued) pi\me ‘stad ‘oe ; ae 
Kedhowt end  mbrae eid eee ee 
ania toe rs¢iibh 22. batesigoo ove eslqnan Saale « 
to Retelienoo sivyontas sv? ,aluanes aves ‘ane m 

ti fietraiqud ellesigwpe save onotahvoyteg ws 
201 atiw Belli? ae adee sat reitiee 
pace off vine ein te Sela baa si tae nt 
ebleni asides? letlasea-e ne bernolgmd ge 
eit dpecadd tipwosd’ may sdud oat? saveD 
tut ate dsaantedau bad: ot} ‘Bouse Baketis 
efz io sbte . jotievaey em ae bosuaue 
firme vatnese#e? x08 hea mee 10-0) the te 
syodguusts enisvdve z0% ‘beaw va (a8) sup 9 
aiizese to fm) .@ 208A smote este 
etien bea Bie siti noe soee soi 4 
fsoe to apiziviass me ieeniine at 
Azad movi ative cytedidvegee os 


- 
Si 


Figure 15 
Scintigraphic Images of Sm-153 Citrate, 5Sm-153 
Transferrin (Tf), Ga-67 Citrate and Ga-67 Transferrin 


(Tf) Uptake in the Dunning Prostatic Tumor Bearing Rats* 


1 6 12 24 48 HR 


Ga-67 
Citrate 


Sm-153 
1h 


of 3.0 ullole Nuclides/Kg 


* Administered at Dose 
Le LnOLeactes LoOcatlon Of Tumor 
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Siimlosecitrate and Sm-153 transferrin) “indicated «that more 
ehany90% Of the activity in blood (1 - 12 hours) remained in 
the plasma fraction (Table 13). No significant binding with 
the red cells was evident. 

The collected plasma specimens were also diluted to 150 
ul with normal saline and ultracentrifuged at 144,000 G for 
60 minutes to determine the percentage of colloid formation 
asmeame function, (Of =’time. ~Both = Sm—1oseuci trates and omaaos 
transferrin exhibited nearly 31% of plasma activity in the 
form of colloid in the first hour. This percentage increased 
to more than 75% at 6 hours for both agents (Table 14). 

These results correlated well with the scans observed 
Ope ously. They also confirmed that Sm 152 colloid 
formation in vivo was one of the major reasons for 
Significant hepatic localization by both Smalo3 citrate: sand 


oa io Le mln. 


5. Effect of EDTA Concentration on Samarium Distribution in 


vivo 


EDTA was observed in previous experiments to prevent 
Colloidal formation Of Samarium in vitro. However, the 
relative quantity of the complexing agent on the Stability 
of the final complex as well as the presence of other 
interfering ions “may play a very drastic role on the 


bioavailability of the samarium in vivo. For this reason, an 
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Table 13 


Distribution of Sm-153 Citrate and Sm-153 Transferrin 
Activity in Blood 


Hours post RenNcenmvacemOn DMOOemAC iI Wilty 
injection in plasma 
cmos Gut rates © Sm-153 Transferrin * 
ik SSk4 96.2 
2 916). 92.5 
3 921.5 - 
4 KORRS) chee 
i) OSire Cisy. 1c 
6 ial at ec .0 
We - ote rae 


* Each point represents a single observation 
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Table 14 


Zo Vivo Colloid Formation of Samarium-153 After 
injection of Sm-153 Citrate or Sm—1S3 Transferrin 


Hours post Percentage ofpColweoidlin Plasma 
injection om=153 Citrate* Sm—-153 Transferrin® 
1 Stig 30.8 
2 S655) a) 
4 58.4 42.9 
5 60.4 60.9 
6 GS ye 87.0 
ane - Sone, 


* Each point representS a single observation 
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experiment was designed to examine the two different ratios 
of EDTA added to similar concentrations of samarium-153 
chloride. Sm-153 EDTA (1.09 uMole Sm/Kg) with molar ratio of 
(1:10) and (1:2) were injected, separately, intravenously 
into groups of rats bearing Dunning prostatic tumors. Little 
hepatic uptake was observed right after injection for Sm-153 
EDTA) (1:10). Visualization of “kidneys and bladder in the 
scans indicated a possible fast elimination of Sm-153 EDTA 
through the kidneys with the final accumulation in the 
bladder (Figure 16). This would normally be expected for 
EDTA chelated metals (90, 91). Up to 98% of an EDTA complex 
of calcium was known to be eliminated within six hours’ by 
glomerular filtration and tubular secretion (90, 91). 
However, starting from 1 hour to 30 hours, gradual hepatic 
uptake was observed, indicating a possible shift of some 
Sm-158-frommthe EDTACcomplexrttowardgacolloidiefonmatiions or 
Othersuchemicals forms withe wreater avidity jvfior the haver 
(Figure 16). Skeletal uptake was also noticed at 1 hour, 6 
hours and 30 hours. Delineation of tumor was especially 
clear atns0shours!due) tos afl tloweabody = abackground? inyethe 
Surrounding tissue (Figure 16). 

The distribution OfNSm- | S3eEDTAG( ds 2)eawaswesimmiang gro 
Sm-153 citrate in that the hepatic uptake was already 
predominent at 1 and 6 hours. Kidney and bladder activities 
were observed immediately after injection (Figure 16) 
indicating that renal excretion had taken place. However, 
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observed in gamma scans, also suggested that Sm-153 EDTA 
(1:2) did not form a very stable complex and did not offer 


any great advantage over Sm-153 citrate. 


6. Tumor Localization of High Specific Activity Sm-153 EDTA 


(1:10) 


Sunceshighespec lai cmgac tl Vauty meSM— Somme DAG is Camis 
desirable in iamgelinicalems? tuations ethemmertect motenioh 
Specific activity on the biodistribution of samarium was 
investigated. A comparison was also conducted with gallium 
citrate of the same molar concentration. 

| Rats bearing Dunning prostatic tumors only on the right 
flank were dosed intravenously with a 10.9 nMole Sm/Kg dose 
of Sm-153 EDTA (1:10). A series of gamma scans were made at 
foeminutes>. 30 °ninuees mimnOUG oO NOULS mr emnourSs, 24. “hours 
and 48 hours. The tumor was about 1.5 cm in diameter. Clear 
tumor delineation was observed starting at 6 hours (Figure 
17A). The same animal was injected again with Ga-67 citrate 
(10.9 nMole Ga/Kg) twelve days later. The tumor was about 
3.0 cm in diameter then. A series of Scans were made and 
were compared to the Sm-153 EDTA. Although the tumors were 
of different size, Sm-153 EDTA was observed to be superior 
to Ga-67 citrate in tumor localization as the tumor could be 
identified easier against a low body background once the 


Sm-153 EDTA activity in the bladder was voided (Figure 17A). 
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Figure 16 


Effect of EDTA on the Biodistribution of Sm-153 


in the Dunning Prostatic Tumor Bearing Rats* 


8) 1 6 30 HR 


Sm-—153 


EDTA 
iy PEG | 


*Administered at 1.09 umole Sm/Kg Dose intravenously 
4 UU 1 LY 


T « indicates location of Tumor 
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Similar procedures were carried out on another two rats 
bearing Dunning prostatic tumors on both flanks. The tumors 
were about 1.0 to 1.5 cm diameter. One rat was administered 
with Smee EDTA and the other with Ga-67 citrate. 
Comparisons were made simultaneously under the same 
conditions. Sm-l538"eotfered fa “qood) delineation otetumors 
against a low body background starting at 6 hours’ while 
Ga-6/ @citrate StlVahadva gtairly highesoftmtrssuesact ivory. 
Even at 48 hours, Sm-153 EDTA was found to be superior in 
tumor localization than Ga-67 citrate (Figure 17B). Results 
suggested that Sm-153 EDTA (1:10) was a better tumor 
localizing agent than Ga-67 citrate in this experiment. The 
low body background made tumor delineation easier for Sm-153 
EDTA, Tumor scans using Sm-153 EDTA could be started at 6 
hours post injection. Voiding of urine within 6 hours’ would 
also decrease bladder activity and improve the delineation 


@le Hei iventou. 


H. Radiochemical Elimination of Sm-153 EDTA 

Because of the promising results obtained after the 
administration of Sm-153 EDTA, it was necessary to acquire 
further information with regard to the whole body retention 
of the complex, the course of disappearance of Sm-153 EDTA 
Tadioactivity. sims blood, “and “themrouresofs the some i535 .nDTA 
excretion in vivo. Three sets of investigations were 


therefore designed with these purposes in mind. 
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Figure 17A 


Scintigraphic Images of High Specific Activity 
Sm-153 EDTA (1:10) and Ga-67 Citrate in Dunning 


Prostatic Tumor Bearing Rats* 
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1. Whole Body Elimination of Sm-153 EDTA (1:10) 


The percentage of injected dose remaining in the whole 
body was determined for both Sm-153 EDTA and Ga-67 citrate 
(which was used as a control) injected rats bearing Dunning 
prostatic tumors. Each group consisted of three animals. It 
was observed that an average of 18.9% of the injected Sm-153 
EDTA (1:10) of low specific’ activity ~(1.09° uMole sm/Kg) 
remained in the body at 6 hours. This was probably due to 
the rapid excretion of Sm-153 EDTA through the urinary 
system in the first 6 hours. However, from 6 hours to 48 
hours, the Sm-153 radioactivity in whole body remained at a 
acer plateau and no significant changes were observed 
(Table 15, Figure 18). 

Ga-67 citrate, on the other hand, showed a gradual 
decline over the 48 hour period and decreased to 44.7% at 
the end of the experiment. At 6 hours, the percentage dose 
remaining in whole body was 83.6%. 

These results correlated well with the scans shown 
previously. The low tissue background observed in Sm-153 
EDTA scans can be explained by the low whole body dose 
remaining. | 

Whenewthe thigh @specific™ activity Smais3 sepTAac( 1700) 
complex ( 10.9 nMole Sm/Kg ) was administered, little change 
was observed in the percentage dose remaining in the body at 


48 hours as compared to the 1.09 uMole Sm/Kg dose. It was 
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23.7% for Sm-153 EDTA and 40.5% for the same dosage of Ga-67 
citrate. However, the percentage of Sm-153 EDTA remaining in 
the body at 6 hours was 47.0% which was higher than expected 
(Table 16, Figure 18). 

Results from these two experiments indicated that over 
90% of the Sm-153 EDTA would be eliminated in the first 6 
hours, possibly through the urinary system. The percentage 
dose of Sm-153 EDTA remaining in the body throughout the 48 
hours were observed to be consistantly smaller than that of 


Ga-67 Citrate. 


2. Blood Kinetics of Sm-153 EDTA (1:10) in Rats 


Sm-153 EBDTA (1:10) (1.09 -uMole Sm/Kg) was injected 
intravenously through the left femoral vein into six rats 
bearing Dunning prostatic tumor. Blood samples of 20 ul each 
were collected from the right femoral vein immediately after 
Peco 1On, al ieMinute, 5 mons and up to 120 minutes. The 
dose remaining was then calculated for each sample as a 
percent of the original sample collected immediately after 
injection. Disappearance of Sm-153 EDTA progressed in a 
sharp fatemeduring the first cUsmunutesspOStminjJectULlOU ssn: 
was observed that only 9.9% of the administered dose 
remained at 25 minutes, and only 1.9% of the Sm-153 EDTA 
dose remained at 120 minutes (Table 17, Figure 19). These 


results indicate a fast redistribution of Sm-153 EDTA from 


save tart? arr 


spainsaisqg fT snsne ani a nee 
8% ef? suerpuosd? ybod sit ab patpbomes | 
to feds weds NoLteme inicnmma ed ot bevieudo sr 8 


i nt an 


alton’ oa 


agdt xte ota: ctav fevomet t9sf edi dovomie i 

does iv Of 40 aeiqmae Goole .romud oi¢ateo3q enbanutl: er 
sedia elesniSeadl new tyiong? sdegy add mor? Dezoottes | ; 
ait .astuetm Ost i a en esvunta 2 ,ogunia -} js 
c a5 siqnse Wess ni shi oneal 
197% yletsibemmi betoelier signsa fenipixo eda 2 a | 
s oi bsteermerq ATaa £8f-me Yo sonstsegqselG snctasetelk) 
2 «nobsoakni tang aeaunin Ot SuRt3 wa. pntaub: nede 


eee 


7 


114 


Table 15 


Whole Body Elimination of Low Specific Activity 
Sm-153 EDTA ( 1:10 ) and Ga-67 Citrate in Rats” 


Time (hours) post Percent Dose in Body 
injection at Sm=-153 EDTA Ga-67 Citrate 
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the blood compartment to other organs such as kidneys, liver 
and tumor. One might speculate that the fast redistribution 
of Sm-153 EDTA from blood to other organs would probably 
resulteinva highworgan-to-blood ratiovsuchsthatseanly morgan 
Or tumor visualization would be made possible. Since Sm-153 
activity was detected in kidneys and bladder in previous 
scintigraphic observations, excretion of Sm-153 through 
urine waS suspected. If that speculation is true, then the 
fast —eliminatron of Sm—-153 EDTA, especially in theptirst 15 
minutes, would probably be via the glomerular filtration 
mechanism as observed in the case of EDTA by Foreman (91, 
O2)) swith Gr-51.EDTA by Myers 9(93, 94) andtin tethe “case of 


other metals chelated with EDTA by Hosain(95). 


3. Excretion of Sm-153 EDTA in Urine and Feces 


In order to confirm whether Sm-153 was indeed excreted 
through urine, a direct radioactivity measurement in urine 
1S required. 

Three rats bearing Dunning prostatic tumors were dosed 
intravenously with 1.09 uMole Sm/Kg of Sm-153 EDTA (1:10). 
Urine and fecal material were collected quantitatively and 
the cumulative radioactivity of the samples determined over 
a period of 48 hours. 

Results revealed that over 80% of the injected dose was 


excreted in the urine in the first 6 hours. This confirmed 
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Disappearance of High Specific Activity Sm-153 EDTA (1:10) 
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that the early and major elimination of whole body sSm—1158 
radioactivity was indeed through the excretion in urine. 
Radioactivity in feces was less than 1% over the 48 hours of 
observation (Table 18, Figure 20). This also indicated that 
major excretion of Sm-153 EDTA into GIT within the first 48 


hours was very minor. 


I. Mechanism of Sm-153 EDTA Tissue Distribution 


Since Carly Mern | VERO mBeUMNOT ECU LEU CuCced lems LuUaTeS 
indicated that the uptake of Sm-153 was independent of the 
C-14 labelled EDTA through the probable dissociation of the 
complex, it waS necesSary to investigate whether’ such 
mechanism existed in vivo. A tissue distribution study of 
Sm-153(C-14)EDTA (1.09 uMole Sm/Kg dose intravenously) in 
mice bearing Lewis Lung tumors was therefore implemented for 
SUgn Confirmation. 

Sm-153 EDTA tissue distribution results in the form of 
tissue percentage dose distributions and tissue-to-blood 
ratios were already reported in Tables 11A, 11B and Figure 
Meche C-14 EDTA results are reported in Tables 19A, 19B 
and Figure Zale If the Sm-153(C-14)EDTA complex was 
incorporated by tissue or tumor in an unchanged form, then 
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Table 16 


Accumulated Sm—153" EDTA (1 siO) ) Activa ty an 


Urine and Feces from Rats* 
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When tissue distribution patterns were compared between 
Sm-153 activity and C-14 activity in the dual-labelled 
Sm-153(C-14)EDTA study, little correlation was observed 
(Table 11A, 19A). C-14 EDTA tumor-to-blood ratio was 4.27 at 
24 hours and 0.61 at 48 hours compared to 37.22 land 65.49 
respectively for Sm-153 activity (Figure Zn) The 
evesucscO-blood tatio inp ther Gn 14 ak DTAmstudvad  tdenocureved! 
any preference OL iGet4> SeDTA wR localnzathion® ine sone scr = two 
pantrcular organs. The bone-to-blood ratio and 
lever-to-blood ratio at 48) hours “was, sonty, 90.43 fands 0252 
respectively (Table 19B). The corresponding ratios for 
Sm-153 activity at the same period of time were 867.37 and 


696.93 respectively (Table 11B). 


The dual-labelled Sm-153(C-14)EDTA tissue distribution 
experiment confirmed that localization of Sm-153 in the 
tumor was independent of EDTA. Such a pattern was also 
observed in organs such as liver and bone. It is therefore 
possible that the ,intracellular transport mechanism ® tor 
Sm-153 does not involve EDTA. These results lended further 


evidence to the dissociation theory previously proposed. 
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Jo TOxicity Studies 


A good radiopharmaceutical should present little 
undesirable or toxic effects to the physical and 
histological well being of the body. Weight gain 
measurements and histopathological examinations of major 
organs of animals which received intravenous Sm-153 EDTA 


were therefore important. 


1. Effect on Weight Gain 


Mice in groups of four injected intravenously with 
normal saline (normal control), Sm-153 EDTA (1:10) in doses 
of 0.1 uMole Sm/Kg, 1.09 uMole Sm/Kg and 10.9 uMole Sm/Kg 
were examined. None of the animals died during the 64-day 
period of observation. In addition, there was no statistical 
difference (P < 0.05) in the weight gain among the injected 
groups and the. controls within 64 days. Figure 22 depicts 
the observed weight gain of the animals during the period of 


experimentation. 
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WELGHT GAIN (GM. ) 


The Effect of Sm—153 EDTA (2310)) on) Normal 
Weight Gain: 


Dosage 
@—@ Normal Saline (Control) 
~ O.1 uMole Sm/Ke 
4—~« 1,09 uilole Sm/KeE 


A—A 10.9 uiole Sm/Ke 


O 8 16 24 32 40 
DAYS POST INTRAVENIOUS INJECTION 


* Each point represents mean + 1 S.D. of four 


animals ( mice ). 
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2. Histopathological Results 


The histopathology of samples from lung, liver, kidneys 
and femur bone were compared for mice receiving Sm-153 EDTA 
Gis4:0) and normal mice over a 64-day period. First 
generation offsprings from female mice injected with 1.09 
uMole Sm/Kg dose were also compared. 

No observable abnormalities were noticed in all groups 
when compared to normals. Results also indicated that 
histological changes were not observed in either the mice 
injected with Sm-153 EDTA at dosages up to 10.9 uMole Sm/Kg. 
Orethesouyspamngosorurémalesgmice winjected ewan) “iOS eeuMole 
Sm/Kg doses. 

Insignificant number of hylaine casts were observed in 
the proximal tubules of some mice at 24 hour post 
administration of Sm EDTA dosed at 1.09 uMole Sm/Kg and 10.9 
uMole/Kg. Isolated histopathological samples also revealed a 
Slightvoinereasel Tint \thesenumben Gol esbipeandratri nuclea 
regenerating liver cells. However, these were all considered 
to be sins#ognitwcant. 

These results agree with the low toxicity reported by 
Halevi) pemliteetce toe beanotedat hore ngascliniceal af emeather- 
high Bspecifie activity?Sm>153  EDTAswillsbesemployedwandtthe 


dose administered would probably be in the nanomole range. 
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K. Absorbed Radiation Dose Calculations for Sm-153 EDTA 


Since Sm-153 EDTA appeared to be of potential value in 


diagnostic medicine, estimates were made of the radiation 


dose 


delivered to the whole body, liver, bone and kidneys. 


These calculations were based on the following assumptions: 


i 


internal distribution and elimination found in animal 
studies using mice can be applied to the human body, 
10.9 nMole Sm/Kg dose of Sm-153 EDTA (1:10) is used, 
the human body has a total bone mass of 10 Kg, liver 
mass of 1833 g and kidneys mass of 310 g and a total 
body mass of 70 Kg (71), 

radiation dose from the internal conversion electrons 
is not included as detailed information is not 
available at the time of these calculations, 

beta radiations are considered as nonpenetrating (72), 
that they are nearly fully absorbed within a_ source 
volume, and the energy which escaped from the volume 
to other organs of interest is considered to be small 


in estimating the mean absorbed dose. 


Based on the animal distribution and elimination 


Studies certain generalities were made: 


, 


the uptake in liver, bone and kidneys were observed 


immediately after injection and ie ttle uptake 
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differences were observed at 1, 6 and 12 hours, 
therefore, their uptake half-time was considered as 
BEGG peg Table: (2A, lou ces2 oe 

ais thes biological elimination Nalt-timesmearni et nem ii ere 
bone -and “kidney ‘*‘were™ 57°34, 33957 and 26,94 hours 
respectively, 

Bee the biological half-time observed in bone’ sample 
(femur) is representive of the whole skeletal system 
and the original dose concentration in the femur 
represents one-tenth of the total bone (71), 

4, the original dose concentration in liver, total bone 
and kidneys were 13.99%, 21.30% and 2.91% respectively 
(original dose someiiawan den in femur was estimated as 
2.13%, based on the observed 2.13+0.24 mean percentage 
dose in femur at 6 hours), 

These generalities are not strictly true on the basis 
Gfeesthe c cresults, Of =the distribution. Studiess( Table i2A, 
Figure 23). However, it is believed that they represent the 
estimated situation in which the radiation dosage would be 
the highest. 

The absorbea dose calculations are “based “on the 


equation (71): 
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Div + r) = q rAs¢.(v + r) rad 
Vv 


where D(v + r) = dose to volume v- from a _ uniform 
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Gistribution of radioactivity throughout 
region r; 
A; = equilibrium dose constant for radiation of 
CY DOmeel r= anes eo ee ee ew ame CAC tonal. 


frequency Ni per disintegration and a_ mean 


energy Ei in Mev 


= = | g-rad 
SSL Ey or | 


os (v <r) =—ne abDSOrDedNaose frace1onmin Voluneny, 
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yiecmass of volume under consideration 


Equilibrium values and _ absorbed dose fraction values 


ane l1Sted im Tapkess 20, 82 andy22. 


jemRadiation, Dose: tomsthe: Liver 


Based on the assumptions previously stated, the 
radiation dose delivered to the liver is composed of the 
dosestrom tne racdioacelvity scdistributedyingethes aiver @plus 
any contributions from the bone and kidneys. The 
radioactivity in the liver was initially 13.99% of the 
administered dose and was cleared from the liver with a 


biological half-time of 57.34 hours (Figure 23). 


tine alii) ah 
a ny 
ad Ue a rn 
Sgotguowds§  ytividsse ries 7 

om | i 


- 

™ 9 
- we an Dian .¢€ 
to nolsaifas 10% JmecenesS _— ave di attwpe - -.. 
feqjeltver) -& dst. er at *. A qv? 
ison 6 One ngisetpataress teq FU yousupes? 
Vem at 28 yousas s& 


he > Bh 7 
| ate 3 ee So 


rview ¢4 “mOivons? eaeh Gad vende adz= (1 + v),@ 
(si-tDu), vadetsos ews salva ony = ae : 


“3? Tevebianes Tebeu suarhov 76: Weaam JF 


qattjoecnt apeb badesedy bag. @euler muisdifiupa 


$3 Boe tS ,0% awidea? mi beasil ete 


10vid ond 09 geod sotisiber . cy 


—_ 

- - 
| 7 1 
i ylauorvetg eae <sqnusea att? no bees a 


_ 


—_ 


ais lo bseeguiga of weevil sty of. BewevileS o80b ae ee. 
asiq. tavif-- ons i bstuaisieey las aacaldaaase 93, ma ob 
aft .av¥eeabor bie shod ott | mat A012 id strgnes 


ad? to #2¢. 84 giteisine aa es monk. ois, ob visoéoi 
g rhtiw save l Site mort Bag eas? coe bs . 
ae << oe 


PS 3s ge a 
osUh: 4) 2 TS at 38 my 
a 


132 


SHY/WS @TOWMUG SOL 3e ATSNOUBARIAUT papaystufupe eofuw Bufyseaq sowny Bunt stmoq 


NOTLOACNT &LSod Sunol 


BY ov Sie Of be BT cay ) 


UnwWo. ———_ 


SASUPTY we——yv 


I2ZATT ©——®@ 


~OOTH UY (OT? T)VLAA EGI-Ws Jo uoT3ynqTaysta |asoq e¥vquacaeg eu, 


* 


ct 


9T 


ANSSIL / aSoa % 


133 


EKO): penn’? o 9500°O 60S °O 


a age nae easier 


OELE =O Ovoo°’o 0S¢c0°O CPs 0 8T80°O 79°O 90°O (Eg = 13; 
OSS *O 6b00°O 06¢0°O SLOT°O vt90°O E€0T*O CSemO c 
0599°9 0900°0O ORLO*O ObLe +0 T800°O 0L0°O ¢S0°O T 
BwWwwesy 
Q (@) (@) OPP AE Aras ie ~O) ue © OErC (S 
O O (6) Omar 9S9S¢c "0 vc2°O 0Ss°*O %, 
O (@) O Ont OS limo He ~O) O60 T 
eq°d 


Apoyy dfTOumM sKatipty auog JIATT 


‘¢ Vy ir, ' Fie ‘yg (new) ba ty (ts) uOTFZeTPeY 


ea 


TOAT]T UP UOFINQyT4ISTpP waoszpun Jo EGT—-usS 


“y) untaart mba 


JO SUlOssStilo SNOTIPA JOT SuOT}Oedy 8eSOq paquosqy pue 


Od 3TAGL 


f 
g 


coeniiediiitieie e 


movil ak Aoriudiasrh prey) mu Jos —! 


« dairies Beijing jot {.@) anel isgad wot! ae oaks ory 


re , , Abe a0 wt nenidine 
ginal -whiaty = 3 2eiet: 4 


- —_— — - a 


134 


GESOMOMmEAOD Oe Ome ie sn On eA OOG: e 


i Sere BY. eee RE Ee 


OVE TO) OT00 50 OBL. {AOE © 8TRO°O 79 O 90°O ie = As 
O66E, OF OCOO 70 OTRT°O 8roO0°O vT90°O isons ©) B82°O is 
OSS TOMO LOO MO OSLO‘O vbvoo°o T800°O OL0°O vSO°O it 
BWWwey 
O O Oil O Cie ~@) can O£°O e 
O oO (Ole We 10) 94S2°0 vce°O OS°O a 
O O Oat O OSTT’O ba ©O Oc °O AL 
e19aq 
‘Apog aToum SsSAasupry DUOFT JBATI 
q \ Tt } is re ag . 
g 9 g ¥ eee Oa (A°W) A us (F) UOTQeFpeY 
ptu-« 


DUO, UT UOTING;IIs TP WAOJFUN JO EGT-WS 


SUOTIOCad ofOq—poquonqgy pue « y) WAFIQT TI nby 


JO SlOTSS [Mo SNnOTICA Joy 


Tome Lae 


i35 


BAgc@. Benes rtin  GyAoIO a! Holo) 
Toly Toty Toto Toty 
x & eS x 


aCe OumnO Gunn MPEO PO) ES2O°O) 8180°0O ra°o 90°0O € 

(OGG oY Oleg INO! 9p90"O OR2O*O bI90°O SOO) 32) c 

(OE SAY OVE MAGUPC) COE)" @) T8N0°O O040°0 S0°O T 
rwuey 

@) Ore a) ) evel. oO “Eero o£°O iS 

@) (ay 4 a) a) 9SS2'°0 ne (0) 0S°O ¢ 

a) Ont @) 9) OHA TO he oC: OG I 
eyan 


ee 
Apos;, a9TOUm SAounty onog JIATT 


"$ "9 "Y "9 Fae) (non) ba Tu (rt) voTyeTpeY 


dUpTyY Uy UOTINGTIYS Ip wW4oZTUN JO EGT-WS 


OW SOMO ees TU 


SO ae Ameo 


va ; a. - 
se Li raad ne Sens Isoiyee Gay | &) Sto! Paes pti faeh bysang foe 
A opeeiard J | 12 fhe 
oe t Beak OR OO) YEN Pa 


” 
WEG siie ey set 


we «0 
2,0 
G..6 


136 


Sm-153 has a’? physteal thaffeaité Wote«46e68 hours. 
Therefore, 
WoO ef f¥=O4/TEphyst+O4/7T biolM294/46.8 hr «+ 1/57.34 hr 
TAT. ett 


0 OS 8San ma: 
where T eff is the effective half-time of Sm-153 in the 
ISG Aya, 
AGLi = O08 6934xV4/T? eff e="090269t hr/ Si ¥eand 
Ar = Arf, i /AetEe 4 
when there 1s only one component to the biological clearance 
OU ANe 
ts wass found, «that (13.99% of =the dose concentrates 


mrtgally Sin the liver; therefore, FOr each mCi 


aaministeread?' 13S S8aci wihi®goete the'liver. 


A 
D (ives corn = Ope te ss 
D(v r) i lberal Osos (v | r) 


Therefore, 


pevi<=-O,) 92 4139/Sucity 18330902 M47 0.0269hr-*) x 
(045309 g-rad/ uGiR=hr) 


= j.5063irads/mCai 


Radiation dose to liver from radioactivity originally in 


total bone was 


For 1 mCi administered, there were 213 uCi originally in the 


bone: 
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1/T eff = 1/T phys + 1/T biol = 1/46.8hr + 1/33.57hr 
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0.0004 rad per mCi 


Radiation dose to liver from radioactivity in kidney was 
For 1 mCi administered, there were 29.1 uCi originally in 
ne kidneys: 
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The total radiation dose to the liver was estimated to 
be 1.5063 rads + 0.0004 rads + 0.0095 rads = 1.5162 rads 


per millicurie of administered radioactivity. 


2. Radiation Dose to the Total Bone 


Detailed %calculations “Sof the® -radiation®*®dose to’ the 
total bone are shown in Appendix 2. The total radiation dose 
to the total bone was estimated to be 0.3493 rads per 


millicurie of radioactivity administered. 


3. Radiation Dose to the Kidneys 


Detailed calculations of the radiation dose to. the 
kidneys are also shown in the Appendix 2. The _ total 
radiation dose was estimated to be 1.2076 rads per 


millicurie of administered radioactivity. 
4. Radiation Dose to the Whole Body 
The radiation dose to the whole body was estimated to 


beede3 785aradseperwmilbicuriesof eSmatS3euEDTAMVadministerede 


Detailed calculations are given in Appendix 2 as well. 
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Based on the results of tissue distribution studies in 
mice, the radiation dosage for Sm-153 EDTA was estimated to 
be 1.52 rads per mCi (0.41 mGy/MBq) to the liver, 0.35 rads 
penermGrnt(0..09ngmGy/MBq }Wrtoghtotal thbeneshets21 Buadsebper 
millicurie (0.33 mGy/MBq) to the kidneys and 0.38 rads per 
millicurie (0.10 mGy/MBq) to the whole body of the human 
model. Present estimations indicate that some consideration 
of radiation doses to liver and kidneys are needed before 
using SmglS3eeDTASin vivo. 

Woolfender et al (10) reported preliminary dosimetry 
calculation for Sm-153 citrate based on the results of 
tissue distribution studies in rabbits. Whole body radiation 
dose waS estimated to be 0.67 rads per millicurie (0.18 
mGy/MBq) (10). Since a detailed calculation method and 
procedure was not expressed and the tracers were different, 
comparisonwmns difficult. However,  1t Sappeans that) )Sms153 
EDTA possibly offers a lesser radiation burden to the 
patients and better tumor availability than Sm-153 citrate. 

When compared to the whole body radiation absorbed dose 
Gf Ga-6iiwcitrater (0b26errads/mer eoner0e0 7 BemGyy7MBq) as 
estimateadm byerGloutier Meteral (100), Smo>1535 EDTA showedea 
higher radiation dose to the body per unit radioactivity of 
Ga-67 citrate. However, Sm-153 EDTA had shown several 
advantages over Ga-67 citrate in the previous investigation. 
These advantages, which include higher tumor avidity and the 
potential of earlier tumor imaging, would help to compensate 


the higher radiation burden as estimated above. 
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V. Summary and Conclusions 


Experiments conducted throughout this thesis have shown 


that: 


‘ie 


oO 


High specific activity samarium-153 was produced 
after the bombardment of enriched Sm-152 via the 
(n,y) reaction with no significant radionuclidic 
impurities. 

Smvib3 Sebtrate, wSmaid3 transferrin and@?Sm-153 EDTA 
can be prepared. The amount of complexing agent 
added determined the physical and biological 
characteristics of the compound. 

Sm7- 1 54see hloid Siormation gwas = eprommenteetor essa os 
Gibrate) andaSmpi53 transferrin both#@inivitroeandoin 
vivo. 

The vin Vivokuptake) oh@iSismoImeciirake@ andes a6 
transferrin was predominantly in the liver and 
spleen - a result of in vivo colloid formation. No 
Significant difference was observed between the two 
in vitro and in vivo. 

Both Sm-153 citrate and Sm-153 transferrin revealed 
to be inferior imaging agents than Ga-67 citrate and 
Ga-67 transferrin for tumor localization in vivo. 
When complexed with EDTA, Sm-153 was prevented from 


significant colloidal formation both in vitro and in 


Vivior 
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“Caletum@ions couldunot displace Ssamariumrairome its 


EDTA complex. 

Sm-153 EDTA (1:10) showed a greater tumor affinity 
in tumor culture cell studies than Ga-67 citrate. 
Smzi5s GwasestakenGluprvby Beumor cultured cells 


independently from EDTA due to possible dissociation 


of Sm-153 from EDTA complex at the cell surface. 


AGmolareratiokofols10hoheSmsi53GEDTARWas wmneededGato 
eftegisoptimal@istabil psy net romecollordahermauron un 
vives ESkelvetal@iuptake@ ofmeSm-i153° EDTA’ (4:10), 
especially at joints, was observed. 

Sm-153 EDTA (1:10) had shown at least a twenty-two 
fold higherStumorste blood¥ratiocthan .Ga-67oecitrate 


at 102d4ayand@ .46@thours@ ingvivotethis@satiogcould@be 


improved to a small extent by lowering the dose 
administered. 

Sm-153 EDTA (1:10) was superior to Ga-67 citrate in 
the delineation of the Dunning tumor using gamma 
scintillation imaging. 

Tissue distribution studies revealed that Sm-153 
EDTA localized mainly in bone, liver and kidneys. 
About 80% of the injected dose was eliminated 
through urine within the first 6 hours. Elimination 
of Sm-153 EDTA (1:10) in feces was found to be 
negligible. 

Dual-labelled Sm-153(C-14)EDTA (1:10) experiments 


indicated that libt lem Gal 4) SEDTAGwaC GV lt yar awas 
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detected in the tumor and that Sm-153 uptake in the 
tumor was independent of the EDTA during the same 
period of time in vivo. These results confirmed the 
possible dissociation of Sm-153 from EDTA during the 
uptake process as observed previously in vitro. 

An intravenously injected dose of up to 10.9 uMole 
Sm7KGM.Of MSm-J538 EDTA Gdid= not, result in any 
noticeable changes in normal total body weight gain 
and histological well being of body organs such as 
lung, liver, kidneys and bone. 

For a 10.9 nMole Sm/Kg dose of Sm-153 EDTA (1:10) 
administered intravenously, the estimated radiation 
dose to the whole body was about 0.38 rads/mCi or 
0.10 mGy/MBq. Estimated radiation dose to liver, 
total bone and kidneys were 1.52, 0.35 and 1.21 
rads/mCi (0.41, 0.09 and 0.33 mGy/MBq) respectively. 
Sm-153 EDTA (1:10) is a potentially useful tumor 


imaging agent. 
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Appendix 1 


Derivation of equation: 


Ud = percentage uptake by 10° dead cells 


Uv 


_ percentage uptake by 10° live cells 


U. 


percentage uptake by 10° (live and dead) cells 
VeoeviiabulLity sot the cel ls 

Let amount of nuclide be A 

Uptake by 10° dead cells = A x Ud 

Number of dead cells in 10% live and dead cells 

= tO etx G100=V)i7100 

Wetake. by Othe Gr00-V) A100 x 10°" dead “cells =) “Ax Ud 
(106-V) 7/100 

Number of live cells in 10° (live + dead) cells = 10° 
v/100 

Uptake by 10° live cells = A x Uv 

Uptake by W/ 10Q@ix@i0g@hkivercelis = A x Uv x V/100 

Total uptake by the 10° live and dead cells 

ay Amon VEX Ov | 00)set BCA xed ExoGl00svV 4100) 

Percentage uptake by 10° live + dead cells ( = U, ) 
=(total uptake / total amount of nuclide) x 100 

=((A x Uv x V/100) + (A x Ud x (100-V)/100))/A x 100 

= UV ee Uda xe UU —V )7) 

We UV x ey, ete UC OU 22) 


Uvex =e Ua xe 4 O0=Vi)e) 


Uv UV Uda 00-Vyy) 
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Appendix 2 


Calculations of The Absorbed Radiation Dose To The Bone, 


Kidneys And Whole Body From Sm-153 EDTA 


A. Absorbed Radiation Dose to the Bone 


1. Radiation dose to bone from radioactivity in bone: 


For 1 mCi administered, there were 213 uCi originally in the 
bone: 
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2. Radiation dose to bone from radioactivity originally in 


the liver: 
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3. Radiation dose to bone from radioactivity in kidneys: 


For i mCi administered, there were 38.5 uCi originally in 
the kidneys: 
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Therefore, the total absorbed dose to total bone is 
Esmimeacedmascmons (oOmreas +10 015 9sssrodSmra m0. Ol OM racdsal= 


0.3493 rads per mCi. 


B. Absorbed Radiation Dose to the Kidneys 


1. Radiation dose to kidneys from radioactivity in kidneys: 
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3% Radiation dose to kidneys from “radioactivity ‘originally 


in the bone: 
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C. Absorbed Radiation Dose to Whole Body 
1. Radiation dose to whole body from radioactivity in the 
liver: 
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2. Radiation dose to whole body from radioactivity in the 
bone: 
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